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Turbulent solar wind is known to be a main driver of the processes inside the magnetosphere, including geomagnetic storms and substorms. Experimental studies of the last decade demonstrate additional ways of interplanetary plasma transport to the magnetosphere, including small-scale processes in the magnetosphere boundary layers. This fact implies that properties of the solar wind turbulence can affect the geomagnetic activity. However, in front of the magnetosphere are a bow shock and a magnetosheath region which contribute to the changes in the properties of the solar wind turbulence and may result in destructions of the association between solar wind turbulence and the magnetosphere. The present study provides the statistics of two-point simultaneous measurements of the turbulence properties in the solar wind and the magnetosheath based on Wind and THEMIS spacecraft data. Changes in the turbulence properties are analyzed for different background conditions. Solar wind bulk speed and temperature are shown to be the main factors that influence the modification of turbulence at the quasi-perpendicular bow shock at frequencies higher than the break frequency (ion transition range). Inside the magnetosheath, significant steepening of spectra occurs with an increase in temperature anisotropy without a connection to the upstream spectrum scaling that underlines the crucial role of the instabilities in turbulence properties behind the bow shock.
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1 INTRODUCTION
The turbulent nature of solar wind (SW) fluctuations has been known since the beginning of measurements in the interplanetary space (Coleman, 1968). Due to a large number of spacecraft data during the last three decades, to date, the turbulence properties of the SW plasma are generally described (Alexandrova et al., 2013; Bruno and Carbone, 2013; Alexandrova et al., 2021). The SW turbulence is characterized by the presence of several ranges of scales. At large scales (>106 km), energy is injected into the system, and the fluctuation spectra follow the f−1 power law. At intermediate scales (MHD scales or inertial range), the energy is transferred to smaller scales by the nonlinear interaction of eddies, and the spectra typically follow the f−5/3 power law (Kolmogorov scaling). The scaling may be different for perpendicular and parallel mutual directions between the magnetic field and plasma velocity due to the turbulence anisotropy (Horbury et al., 2008; Chen et al., 2011). At ion scales (∼103 km), kinetic effects become important, the spectrum breaks, and a transition to kinetic scales occurs; at these scales, the spectra usually follow the power law f−a, where a ranges from −4 to −2 (Smith et at, 2006a,b; Sahraoui et al., 2013). During the last decade, comprehensive studies of turbulence up to electron scales provided more information on the nature of the turbulent cascade and an interplay between the turbulence and reconnection (Alexandrova et al., 2009; Sahraoui et al., 2009; Sahraoui et al., 2013). However, the electron-scale turbulence is much less studied to date.
The SW (and interplanetary disturbances, mainly) is known to be the main driver of magnetospheric activity (Russell et al., 1974; Burton et al., 1975). However, magnetospheric perturbations may occur during undisturbed SW conditions. Some of the experimental results suggested turbulence to be a cause of these disturbances (D'Amicis et al., 2007; Vörös et al., 2002; Jankovicova et al., 2008; Borovsky and Funsen, 2003). The current status of a possible role of the SW turbulence in the geomagnetic perturbations is described in D'Amicis et al. (2020).
When the supersonic and superalfvenic SW meets the magnetosphere, a detached bow shock (BS) is formed with a region behind it called the magnetosheath (MSH). Properties of the MSH plasma and magnetic field have been known to differ from the undisturbed SW since the early space era (see the review by Song and Russell, 1997). This region is dominated by wave activity (Lacombe and Belmont, 1995; Schwarz et al., 1996), coherent structures including magnetic jets (Plaschke et al., 2018; Dmitriev et al., 2021), magnetic islands (Huang et al., 2016), Alfvén vortices (Alexandrova et al., 2006), and current sheets (Yordanova et al., 2020). Unlike the SW, the turbulence in the MSH is significantly less studied (see reviews by Rakhmanova et al., 2021; Zimbardo et al., 2010; Sahraoui et al., 2020) despite the obvious importance of MSH processes for the solar wind–magnetosphere coupling (Vörös et al., 2023).
Statistical studies on the MSH turbulence have demonstrated that the properties of the cascade are significantly modified at the BS. Czaykowska et al. (2001) showed the magnetic field fluctuation spectra following f−1 scaling at the MHD scales behind the BS. The observation of f−1 scaling in the regions just downstream of the quasi-perpendicular BS may be attributed to the presence of uncorrelated Alfvén and mirror waves arising there (Schwartz et al., 1996; Alexandrova, 2008), which may be convected by the solar wind flow away from the BS. Further statistical analysis by Huang et al. (2017) demonstrated that such kind of spectra can be found throughout the MSH even at a significant distance from the subsolar region (XGSE∼0 RE) and from the BS. The authors suggested that the crossing of the BS destroyed the turbulence properties and the inertial range of the cascade, which further developed again when plasma moved away from the BS. This suggestion questions the connection between SW turbulence and magnetospheric disturbances as it implies that the properties of the turbulent cascade in front of the magnetopause are formed locally in the MSH.
Later, Rakhmanova et al. (2018b) demonstrated that the spectra with f−1 scaling at frequencies below the break were typical for ion flux-value fluctuations in the vicinity of the quasi-perpendicular BS, while other regions of the MSH exhibited Kolmogorov scaling of the fluctuations. On the other hand, statistical results obtained by Li et al. (2020) demonstrated a steeper mean spectrum of magnetic field fluctuations with slope −1.47 in the vicinity of the BS of both kinds, although the spectra became steeper with the distance from the BS and from the Sun–Earth line. A case study of several BS crossings demonstrated that sometimes, the scaling of the SW spectra survived behind the BS (Rakhmanova L. S. et al., 2020). Further case study of simultaneous measurements at three points—in the SW, in the dayside MSH, and at the MSH flank—showed that for most of the cases, the spectra had f−1 scaling at the MHD scales in the dayside MSH or were dominated by wave activity and then restored a −5/3 power exponent at the flanks, regardless of the properties of the turbulence in the SW. This result confirmed the suggestions of Huang et al. (2017). However, eventually, the spectra exhibited Kolmogorov scaling in the dayside MSH.
While the changes at the MHD scales were not doubtful for the great majority of the cases, no changes at the kinetic scales were found by Huang et al. (2017) and Li et al. (2020). The authors suggested that ion-scale fluctuations did not “notice” the presence of the BS, i.e., a very short time is needed for the scaling restoration behind the BS. On the other hand, Rakhmanova L. et al. (2018) demonstrated a slight steepening of the spectra behind the BS and their restoration closer to the magnetopause. Note that former studies considered the fluctuations in the magnetic field vector (i.e., both compressible and incompressible components), while the latter study concentrated on the fluctuations in the ion flux value (compressible component). Further study of the evolution of the compressive fluctuation spectra in the MSH (Rakhmanova et al., 2022) showed significant steepening of the spectra at the kinetic scales at the BS for disturbed SW periods. Such steepening may be associated with compressive wave modes in the MSH, i.e., mirror mode. Furthermore, the authors demonstrated different scenarios of spectrum development at the kinetic scales depending on the SW type while plasma moved toward the flanks.
At the Earth’s orbit, most of the studies demonstrated variations in the slope value from −4 to −2 in the frequency range above the ion break (Smith et al., 2006). Further improvements in the experimental techniques helped find a well-established f−2.8 spectrum at higher frequencies (sub-ion scales) and attributed the variable slope at frequencies around the break to an ion transition range (Sahraoui et al., 2010; Alexandrova et al., 2013). Recently, the presence of the ion transition range and significant steepening of the spectrum in this range was demonstrated and studied at small heliocentric distances and attributed to strong dissipation or nonlinear effects (Bowen et al., 2020a; Duan et al., 2021). Bowen et al. (2020b) showed that at 0.17 au, this transition range is dominated by ion-scale electromagnetic waves associated most probably with local instabilities due to temperature anisotropy. Similar conditions occur typically behind the BS. However, the steepening in the MSH was demonstrated rarely.
Thus, to date, evidence shows that the BS can modify the properties of the SW turbulence both at the MHD and kinetic scales, but there is no clear answer on how often and in which cases the turbulence properties can survive across the BS. The present paper aims to address these questions by comparing the properties of the turbulence in the SW and in the MSH with the help of statistics of simultaneous measurements in the SW and downstream of the BS, taking into account plasma propagation time. Wind measurements are used in the SW, and THEMIS measurements are analyzed in the MSH. Note that the plasma properties differ substantially for the MSH behind the quasi-perpendicular and quasi-parallel BS (Shevyrev and Zastenker, 2005; Breuillard et al., 2018a; Yordanova et al., 2020), with the most modified spectra occurring behind the quasi-perpendicular BS (Breuillard et al., 2018b; Yordanova et al., 2020). Moreover, processes behind the quasi-parallel BS are affected by the foreshock (Gutynska et al., 2012), and the turbulence modification could be indistinguishable. Here, we focus on the MSH behind the quasi-perpendicular BS to trace the changes arising at the BS. Altogether, approximately 400 h of direct measurements were considered for various SW conditions. Comparison of the spectral features in the SW and the MSH for the MHD and kinetic scales is done. Changes in the spectral slopes as functions of a set of plasma and magnetic field parameters are considered to detect the factors that determine the turbulence modification at the BS.
2 DATA
The present study uses THEMIS mission (Angelopoulos, 2008) measurements in the MSH and simultaneous Wind measurements in the SW. The analysis covers years 2008 and 2014, which correspond to minimum and maximum of the solar cycle, respectively. In 2008, the orbits of all five THEMIS spacecraft were elongated with different apogees and seasonally drifted from dawn to dusk MSH flanks, which provided good coverage of the measurements throughout the dayside MSH. In 2014, three of the five spacecraft were in the dayside MSH, while the other two were sent to the Moon orbit and crossed the MSH at the flanks at distances XGSE ∼ -60 RE. The data were obtained from https://cdaweb.gsfc.nasa.gov/.
All periods during which one of the THEMIS spacecraft was in the MSH for more than 1.5 h were chosen for the analysis. Plasma parameters (ion density, velocity, and temperature) measured by the ESA instrument (McFadden et al., 2008) were used with a time resolution of 3–4 s, and L2 on-board moments were chosen. Magnetic field measurements obtained using the FGM device (Auster et al., 2008) with a time resolution of 0.25 s were used. The THEMIS position inside the MSH was identified with visual inspection of the data quicklooks. Density, velocity, and temperature parameters were used together with the ESA spectrograms. Transition from the SW to the MSH is typically characterized with density and temperature increase and velocity decrease accompanied by a non-zero Vy component and broadening of the proton energy spectrum. At the flanks, these changes are less pronounced but clearly visible. Crossing of the magnetopause and entrance to the magnetosphere can be determined by a decrease in the ion density and velocity. Visual inspection ensures that the crossings of the BS or magnetopause are excluded from the intervals. For cases when simultaneous measurements of the spacecraft were available at closely located (with distances less than 1RE) points, single-spacecraft data were chosen based on data quality. Altogether, data of 850 h of MSH measurement were collected.
For all periods of the THEMIS measurements in the MSH, the corresponding simultaneous Wind measurements in the SW were analyzed. SWE measurements (Ogilvie et al., 1995) with a time resolution of 92 s were used to obtain the ion density, velocity, and temperature. MFI instrument (Lepping et al., 1995) measurements of the magnetic field vector with a time resolution of 92 ms were used.
During the analyzed periods, the THEMIS data included measurements at XGSE ∼ −60 RE and XGSE > −10 RE. The latter region is further referred to as the dayside MSH and is focused on in this study. The same region was analyzed by previous statistical studies on the turbulence properties in the MSH (Huang et al., 2017; Li et al., 2020). This reduces the statistics to 550 h of measurements. Here, 70% of the dataset refers to the year 2008, and the remaining 30% refers to the year 2014.
The time shifts between data series in the SW and MSH were obtained using cross-correlation analysis. Since the time of the SW propagation from L1 to Earth is approximately 60 min for mean SW conditions, the correlation coefficient of THEMIS and Wind observations (interpolated to 92 s time resolution) was computed as a function of the time shift dt in the range −30 min < dt < 90 min for each of the 150 MSH crossings. The shift T1, which corresponded to the maximum of the correlation, was chosen for further analysis. Then, all the time shifts were manually inspected. When good visual correspondence of density measurements at both spacecraft was observed, T1 was approved for the analysis. Otherwise, the time shift was determined manually based on good visual correspondence of the time series. The method and its problems are described in more detail in Rakhmanova et al. (2022).
Figure 1 presents an example of the comparison of Wind measurements in the SW with THEMIS-D measurements in the MSH on 25 June 2008. Wind was located at (259; −40; 22) RE, while THEMIS-D was located at (5.8; 9.5; −2.9) RE. At 20:23, THEMIS-D crossed the magnetopause and stayed in the MSH till the second crossing of the magnetopause at 23:40. Panel a demonstrates density measurements on board Wind (red line) and THEMIS-D (black line); Wind measurements are shifted by T1 = 3,451 s. The blue line shows the THEMIS-D density linearly interpolated to 92 s time resolution (to match the SWE sampling rate) for the cross-correlation analysis. The left ordinate axis corresponds to THEMIS-D measurements in the MSH, while the right ordinate axis corresponds to Wind measurements in the SW. Correlation coefficient R (T1) for this interval is 0.56. Good correspondence between Wind and THEMIS-D plasma structures can be observed: although the absolute value of density differs by a factor of ∼2 in the MSH, most of the time, similar changes in the density profiles can be observed for both spacecraft. However, sometimes, differences in the time profiles occur at small scales (e.g., at 23:00–23:30), which is a typical property of the small-scale variations in the MSH and is supposed to be the manifestation of the turbulent nature of the MSH plasma (Rakhmanova et al., 2016).
[image: Figure 1]FIGURE 1 | (A) Ion density measured on board the THEMIS-D (black line—full time resolution; blue line—time resolution reduced to match SWE time resolution) and WIND (red line), (B) magnetic field measurements obtained by THEMIS-D, (C) and magnetic field measurements obtained by Wind. Wind data are shifted by plasma propagation time; (D) spectra of magnetic field fluctuations in the MSH (black line, THEMIS-D) and in the SW (red line, Wind).
Panels b and c show the magnetic field vector registered in the MSH and the SW, respectively. The SW data are shifted in time by T1. Time profiles of the magnetic field components on the two spacecraft also demonstrate good correspondence. Thus, we conclude that during the considered interval, both spacecraft have observed the same plasma. The gray shadow shows the interval chosen for further analysis.
3 METHODS
The properties of the turbulence were estimated using Fourier transform of magnetic field vector fluctuations. Each of the collected time intervals in the MSH was cut into subintervals with a duration of 68 min, overlapped by 34 min. The duration of the intervals was chosen to guarantee enough number of data points for the reliable determination of the turbulence properties and quasi-stationary background parameters. For each MSH subinterval, the corresponding subinterval in the SW was determined. The Wind and THEMIS magnetometers have different time resolutions, which results in different durations of subintervals for the Fourier analysis—50 min in the SW versus 68 min in the MSH. The center of the SW subinterval corresponds to the center of the MSH subinterval.
When considering the properties of the turbulence using a single spacecraft, the Taylor hypothesis is usually adopted, which allows a simple conversion from spatial to frequency space when a wave speed of fluctuations is significantly lower than the speed of background plasma. This is typically valid for the SW plasma but may be invalid for the dayside MSH, where plasma is slowed down, heated, and compressed, and additional instabilities and, sometimes, whistler waves (Lacombe et al., 2006) occur. Klein et al. (2014) reported that the conversion from spatial to frequency space does not change the shape of a spectrum while the ratio Ta = Va/V > 0.3, where V is the plasma speed and Va is the local Alfvén speed. However, the presence of whistlers or other dispersive modes may result in the incorrect determination of the turbulence properties with the single-spacecraft measurements.
For each subinterval considered, the ratio Ta was checked. Among 705 subintervals considered, 662 satisfied the condition Ta > 0.3. However, the presence of dispersive wave modes has not been checked. We assumed that these modes were rare, and their possible presence would not affect the statistical results. Then, the Fourier transform was performed on each subinterval. The Hamming window was used in a frequency domain to decrease noise in spectra and to make them appropriate for approximation. Figure 1D presents an example of the resulting spectrum in the MSH (black line) and corresponding spectrum in the SW (red line) for the interval 20:30–21:38 in the MSH (20:39–21:29 in the SW), marked in panels (a–c) by vertical dashed lines (red lines refer to the SW subinterval, and blue lines refer to the MSH subinterval). For the analyzed spectra, the ion scales are Rsw = 52 km, Lsw = 73 km, and Fcsw = 0.17 Hz in the SW and Rmsh = 36 km, Lmsh = 50 km, and Fcmsh = 0.8 Hz in the MSH, where R refers to the proton gyroradius, L refers to the proton inertial length, and Fc is the proton cyclotron frequency. Arrows at the spectra denote corresponding Doppler-shifted frequencies fR = V/2πR and fL = F/2πL, as well as Fc. The values of these frequencies are fR = 1.4 Hz and fL = 1 Hz in the SW and fR = 0.71 Hz and fL = 0.66 Hz in the MSH. As shown by the example, the break in each spectrum occurs at the frequencies close to one of the characteristic frequencies. The question on the exact position of the break is still debated (Chen et al., 2014; Šafránková et al., 2015; Woodham et al., 2018; Park et al., 2023) and is out of the scope of the present paper.
For the SW spectrum, two linear parts in a log–log space can be easily observed, namely, ∼ 0.02–0.2 Hz and 0.7–3 Hz. Within each of these two ranges, the spectrum can be approximated with the function log(PSD) = A + P*log(F), where A and P are parameters of approximation. The approximation procedure is performed inside each range of frequencies independently. P1,2 are the spectrum slopes that correspond to the power exponents. For the considered example in the SW, the approximation yields slope P1 = −1.70, which is close to the Kolmogorov −5/3 scaling. The break in the spectrum occurs at frequency ∼0.55 Hz, and at the kinetic scales, the spectrum is characterized by slope −3.11. Note that this slope is somewhat lower than typically observed for the undisturbed SW as the observed period is attributed to the fast flow of the corotating interaction region (Bruno et al., 2014; Riazantseva et al., 2020). Furthermore, the turbulent cascade may be dominated by Alfvén vortices (Alexandrova et al., 2006; Perrone et al., 2017). Although lower than −2.9, observed typically in the SW at frequencies above the break, the slope value −3.11 lies within the values [-4, −2] specific for the ion transition range.
The shape of the spectrum in the MSH is more complex and includes three linear ranges of scales, namely, 0.02–0.4 Hz, 0.6–1 Hz, and 1–1.8 Hz. Approximation with the function used for the SW spectrum yields P1 = −1.44 ± 0.04, P2 = −3.3 ± 0.4, and P3 = −5.3 ± 0.2. In the analyzed statistics, the last range of spectrum steepening sometimes occurs at a specific frequency of 1 Hz, and its nature is unknown. We suggest that the presence of this steepening is an artifact of data as it is not typical for magnetic field fluctuation spectra in the MSH. Another explanation of this steepening is the presence of high-frequency waves or a network of dipole vortices (Alexandrova, 2008). This steepening confines the considered range of frequencies above the break to 1 Hz when it is present. Figure 1 shows that, in the MSH, the properties of the turbulence differ slightly from those in the SW. The spectrum is flatter at the MHD scales and deviates from the Kolmogorov scaling. At the kinetic scales, slight steepening occurs.
All subintervals were processed in a similar way using a semi-manual routine. Typically, algorithms of automatic determination of spectral slopes and break frequencies of the spectra yield good results when the spectra exhibit a particular shape with two power laws divided by a break (Riazantseva et al., 2019; Park et al., 2023). However, in the dayside MSH, the spectra often exhibit peculiarities in the range of scales around a break (Rakhmanova et al., 2016; Alexandrova and Saur, 2008). These peculiarities have a form of bumps, spectral peaks, spectral knees, or flattening due to instabilities, ion-scale waves, or coherent structures and complicate a routine approximation of the spectra. In the present study, linear approximation in the log–log scales was performed independently in two ranges of frequencies—0.02–0.1 Hz and 0.8–1.5 Hz. Similar to the example above, the approximation was made with the function log(PSD) = A + P*log(F), and parameters A and P were determined. The edges of the frequency ranges were varied by 1–5 points, and the approximation that had the minimum error was chosen. This variation of the edges helped account for the modification of a spectrum by ion-scale peculiarities or high-frequency flattening due to noise for most of the cases. For each spectrum, the number of points used for approximation was fixed, and spectral slopes obtained on a basis of less than 10 points were eliminated.
All of the spectra were visually inspected. The approximation procedure determined most of the spectral slopes in cases when the spectra exhibited two power laws with a break or a bump at frequencies 0.1–0.6 Hz. However, sometimes, the bump was shifted to lower frequencies, or the high-frequency range exhibited noises or artifacts of data processing. Such spectra were determined during visual inspection, and the corresponding slopes were eliminated from further analysis. Determination of the MHD-scale slope was impossible for 20% of cases in the dayside MSH. At the kinetic scales, 66% of spectra in the SW and for 75% of spectra in the MSH exhibited reasonable fit.
In the case of Wind MFI data, the spectra were often dominated by noise at frequencies higher than 0.7 Hz and for PSD<0.003 nT2/Hz. This point was carefully discussed in Woodham et al. (2018). The contribution of the noise may result in the flattening of the spectrum at the kinetic scales. However, visual inspection allows us to remove the frequency range affected by the noise from the approximation procedure. Spectra with the slope at the kinetic scales higher than the one at the MHD scales were not considered as they were likely to be the result of instrument noise (Smith et al., 2006). Furthermore, the criteria proposed by Woodham et al. (2018) were tested on the collected dataset and showed similar results for the approximation. Thus, we assume that there are no effects of instrument noise in our results.
For each spectrum, mean background parameters were determined both in the SW and the MSH. To analyze the influence of the BS and the magnetopause on the turbulence properties, a fractional distance D of the MSH spacecraft was calculated for each interval. The fractional distance was defined as D = (R-Rmp)/(RBS-Rmp) (Verigin et al., 2006), where R was a radius vector of the spacecraft and Rmp and RBS were distances of the magnetopause and the BS from Earth along R, determined by models (Shue et al., 1998; Verigin et al., 2001). D varies from 0 to 1, where 0 corresponds to the magnetopause crossing and 1 refers to the BS crossing. To determine the type of the BS for each spectrum, the θBN angle between the interplanetary magnetic field vector and a local BS normal was calculated in the point of the plasma entrance to the MSH (determined by the flow lines from the model proposed by Spreiter et al. (1966) and Wind input data). Altogether, ∼540 spectra in the MSH satisfied the criterion θBN > 45⁰ and were established for further analysis.
4 RESULTS
4.1 Statistics
Figure 2 presents the values of the slope P1 at the MHD scales in the MSH versus the same slopes in the SW. Panel a demonstrates a direct comparison for each pair of intervals; the histograms denote distributions of the P1 values in the dayside MSH (panel b) and the SW (panel с) for the same periods. Note that the number of points in panel a corresponds to the number of pairs of intervals when both SW and MSH spectra have been approximated successfully. Numbers N specified at the histograms correspond to the number of spectra in the region, which can be successfully approximated regardless of the corresponding spectrum in another region. For this reason, the numbers of intervals involved in the distributions are slightly different.
[image: Figure 2]FIGURE 2 | (A) MHD-scale slope of the magnetic field fluctuations in the MSH versus SW; (B) distribution of slope P1 in the dayside MSH; (C) distribution of the slope P1 in the SW; and (D) distribution of the P1 change at the BS.
The figure shows that at the MHD scales, 1) in the SW, the spectra typically follow Kolmogorov −5/3 scaling; 2) the spectra flatten in the dayside MSH and deviate from Kolmogorov −5/3 scaling; and 3) there is no relation between P1 values in the L1 point and downstream of the quasi-perpendicular BS.
Figure 3 is organized in the same way as Figure 2 and demonstrates relations between kinetic-scale slopes P2. At the kinetic scales, the spectrum slope in the MSH typically has a value close to −8/3, as predicted in some of the theoretical approaches (Boldyrev and Perez, 2012). However, the distribution is not symmetric, and there is a portion of steeper spectra, and the mean value of the slopes moves to −3.0 ± 0.4. In the SW, the distribution is not symmetric as well, with the maximum close to −7/3 and a mean value of −2.6 ± 0.4. No direct relations can be observed between the slopes measured in the SW and downstream from the BS.
[image: Figure 3]FIGURE 3 | (A) Kinetic-scale slope of the magnetic field fluctuations in the MSH versus SW; (B) distribution of slope P2 in the dayside MSH; (C) distribution of the slope P2 in the SW; and (D) distribution of the P2 change at the BS.
To estimate the number of cases when plasma crossed the BS without changes in the turbulence properties at the MHD or kinetic scales, the distributions of the slope changes were considered. A change in the spectral slope at the BS was determined as ΔPa=(PaMSH-PaSW)/PaSW, where a = 1 for the MHD-scale slope and a = 2 for the kinetic scales. The value ΔPa >0 refers to the steepening of the spectrum at the BS, while ΔPa <0 refers to the flattening of the spectrum. The distributions of ΔP are shown in Figure 2D for the MHD scales and in Figure 3D for the kinetic scales. For 14% of cases, |ΔP1|<0.1; for these cases, the mean value of the P1 slope was −1.6 ± 0.2. Note that for |ΔP1|<0.1, the errors of ΔP1 determination vary from 0.03 to 0.2 with the mean and most probable values of 0.1. Thus, for 14% of cases, the Kolmogorov scaling survived across the BS.
At the kinetic scales, the slope remains unchanged more frequently—at 28% of cases (the most probable error value of ΔP2 determination for |ΔP2|<0.1 is 0.06). For 50% of cases, steepening occurs, with the slope changing by 10% and more. The statistics includes 306 spectral pairs, which can be approximated at both ranges of scales. Among these pairs of spectra, 12% are characterized by the differences |ΔP1|<0.1 and |ΔP2|<0.1, i.e., the turbulence properties remain unchanged during the BS crossing or are re-established to those of the SW.
4.2 Effect of the background parameters
Previous studies demonstrated dependencies of the turbulence properties in the MSH on a number of background parameters, including the SW velocity (Gutynska et al., 2012), MSH and SW densities (Rakhmanova et al., 2022), and distance to the MSH boundaries (Rakhmanova L. et al., 2018; Li et al., 2020). Here, we address the parameters that affect not only the value of the slope in the MSH but also its change at the BS.
We have calculated correlation coefficients between the slopes P1 and P2 both in the SW and in the MSH, as well as their changes ΔP1,2 for a set of background parameters, including fractional distance D, SW bulk speed, density and temperature, IMF magnitude and Bz component value, MSH magnetic field magnitude, ion density and temperature, plasma parameter βp for protons in the SW and the MSH, temperature anisotropy, and the angle between the velocity and magnetic field vectors in the MSH. The number of points for calculation varies from 290 to 523 depending on the parameter and the slope type. Obviously, there is no sense to correlate the SW slope with the MSH parameters. For those relations that have a correlation of the MSH slopes with the MSH parameters, similar correlations are considered for the SW slope and the SW parameter and vice versa.
Table 1 gives the correlation coefficients between the chosen set of parameters and the spectral slopes in the SW (R_PaSW) and in the MSH (R_PaMSH), as well as its change (R_ΔPa) at the BS for both ranges of scales (a = 1 and 2 for MHD and kinetic ranges, respectively). Correlation coefficients that exceed 0.5 are in bold.
TABLE 1 | Correlations between the turbulence properties and background parameters. Significant correlation values are bolded.
[image: Table 1]The MHD-scale slope and its changes at the BS are slightly affected by the plasma parameter βp in the MSH: increasing βp results in an increase of P1 behind the BS and in more substantial flattening of the spectrum at the BS. Figures 4A–C show the dependence of P1 on βp in the SW, the MSH, and the change ΔP1 on βp in the MSH. Although the correlation is rather low (∼–0.4), one can observe a tendency to find spectra with Kolmogorov scaling in the MSH for low values of βp in the MSH.
[image: Figure 4]FIGURE 4 | (A) MHD-scale slope in the SW versus SW plasma parameter, (B) MHD-scale slope in the MSH, and (C) change in the MHD-scale slope at the BS as functions of the MSH plasma parameter βp.
Other plasma and magnetic field parameters are uncorrelated with slope P1 in the MSH or its changes at the BS.
At the kinetic scales, several clear dependencies occur. Figures 5A–C show a dependence of P2 in the SW, in the MSH, and the change ΔP2 on the SW bulk speed. In the SW, the spectra become steeper with increasing speed. In the MSH, there is no clear dependence of the slope on SW bulk speed, but the steepest spectra can usually be found for the slow SW. The change in the slope at the BS is well-correlated with the SW speed. The red line in Figure 5C denotes the mean values of the slope for several equidistant ranges of the bulk speed values. Interestingly, for slow SW, the spectra tend to steepen behind the BS, while for the high-speed SW (VSW>500 km/s), slight flattening of the spectra occurs behind the BS.
[image: Figure 5]FIGURE 5 | (A) Kinetic-scale slope in the SW, (B) kinetic-scale slope in the MSH, and (C) change in the kinetic-scale slope at the BS as functions of SW speed.
Figure 6A shows the dependence of the kinetic-scale slope in the SW on the SW plasma parameter βp. Panels (b–c) of Figure 6 present dependencies of the kinetic-scale slope in the MSH and its change at the BS on the MSH plasma parameter βp. There is no relation between the spectral properties and βp in the SW, and there is no relation between the change in the slope at the BS and βp; however, inside the MSH, the spectra are substantially steeper for low-beta plasma. Thus, this dependency can be attributed to processes of the turbulent cascade development inside the MSH, which do not have any relation to the SW or the BS.
[image: Figure 6]FIGURE 6 | (A) Kinetic-scale slope in the SW versus the SW plasma parameter βp; (B) kinetic-scale slope in the MSH; and (C) change in the kinetic-scale slope at the BS as functions of the MSH plasma parameter βp.
Figure 7 and Table 1 show that there is no dependence of slope P2 in the SW on the temperature anisotropy, and there is no dependence of the change in slope ΔP2 on the temperature anisotropy, both in the SW and in the MSH. However, significant steepening of spectra occurs in the MSH with the increase in temperature anisotropy. The dependences on temperature anisotropy in the MSH exhibit very similar features to the dependence on βp.
[image: Figure 7]FIGURE 7 | (A) Kinetic-scale slope in the SW versus the SW temperature anisotropy; (B) kinetic-scale slope in the MSH, and (C) change in the kinetic-scale slope at the BS as functions of the MSH temperature anisotropy.
Figure 8 demonstrates the dependence of the kinetic-scale slope on the SW ion temperature in the same manner as Figure 5 . In the SW, the spectra become steeper with the increase in temperature (Figure 8A). On the contrary, in the MSH, the spectra tend to become flatter with increasing SW temperature (Figure 8B). The resulting change in the spectral slopes at the BS is well-correlated to the SW ion temperature (Figure 8C). The most significant steepening of the spectra occurs for SW ion temperatures below 10 eV, while for higher temperatures, the spectra may remain unchanged or slightly flatten at the BS.
[image: Figure 8]FIGURE 8 | (A) Kinetic-scale slope in the SW; (B) kinetic-scale slope in the MSH; and (C) change in the kinetic-scale slope at the BS versus the SW ion temperature.
5 DISCUSSION
The present study compares the turbulence properties in the SW and downstream of the quasi-perpendicular BS for the simultaneous measurements in these regions. The adopted method implies the consideration of the same plasma in the two regions. Values of the scaling exponents (slopes) P1 and P2 and their changes at the BS—ΔP1,2—are considered at the MHD and kinetic scales, respectively. Note that the considered range of frequencies above the break for most of the cases is attributed to ion scales rather than to well-established sub-ion scales. In other words, the transition or dissipation range of the cascade is observed.
Mean properties of the turbulence both in the SW and in the MSH are consistent with previously published results. Šafránková et al. (2019) presented the mean spectral slopes of the perpendicular component to be −1.63 at the MHD scales and −2.68 at the kinetic scales. The present study considers the spectra of magnetic field vector fluctuations, which are dominated by the perpendicular component in the SW. Thus, the values < P1SW>=-1.7 ± 0.2 and <P2SW ≥ −2.6 ± 0.4 obtained here are consistent with results obtained by Šafránková et al. (2019). Smith C. W. et al. (2006) showed the statistics of the spectral slopes of Wind magnetic field fluctuation spectra for open magnetic field lines (separately from the magnetic clouds): at the MHD scales < P1>=−1.63 ± 0.14 and at the kinetic scales < P2>=-2.61 ± 0.96. The reported values are similar to those shown in the present study. For regions just upstream from the quasi-perpendicular BS, Czaykowska et al. (2001) showed a spectrum f−1.3 without a break. In the downstream region, the authors showed flattening of the spectrum to f−1.1 at the frequencies below the break and steepening to f−2.6 at higher frequencies. Changes in spectral scaling obtained in the present study correspond to the results obtained by Czaykowska et al. (2001), although the scaling in the upstream region is different. This difference may be due to local processes in the SW in the vicinity of the BS, which are out of the scope of the present study. Statistics obtained by Huang et al. (2017) based on cluster data in the MSH showed that the P1 value ranged from −2.2 to −0.3, with a peak at −1.2 at the MHD scales, which corresponds well to Figure 2B. Furthermore, the value < P2MSH>=-3.0 ± 0.4 obtained in the present study corresponds to the statistical results obtained by Huang et al. (2014, 2017) for Cluster data in the MSH. Thus, we conclude that the used approximation methods are suitable and yield reliable results.
A direct comparison of spectral slopes upstream and downstream of the BS shows that there are no direct relations between turbulence properties in these two regions. This may indicate that the cascade ruins at the BS and is then reformed locally. On the other hand, similarity of slopes upstream and downstream of the BS may result either from the conservation of scaling during the BS crossing or from the development of the same slope behind the BS. If the latter is the case, one expects that the MHD and kinetic-scale fluctuations need different times to re-establish the spectrum. The time needed for re-establishment can be estimated as nonlinear time τNL = u/dVu, where u is a scale and dVu is the velocity fluctuation at the scale u. If the Taylor hypothesis is adopted, then u = V/(2πf), where f is the frequency of the fluctuation. Velocity fluctuation dVu may be roughly estimated from the power spectrum density (Fourier spectrum) of trace velocity fluctuations at specific frequency f. Typically, the time resolution of THEMIS measurements is not high enough to analyze kinetic scales; however, several examples can be found when the break occurs at frequencies lower than 0.16 Hz (the highest frequency resolved for a velocity fluctuation spectrum). Estimations were prepared for one of such examples. The velocity was V = 103 km/s, and frequency bands 0.01 ± 0.001 Hz and 0.1 ± 0.01 Hz were chosen to estimate τNL at MHD and kinetic scales, respectively. Calculations yielded τNL = 915 s for MHD scales and τNL = 85 s for kinetic scales. At the MHD scales, this time is of the order of 10 min, which is close to the time of plasma propagation from the BS nose to flanks, consistent with observations in Huang et al. (2017). For the kinetic scales, Plank and Gingell (2023) estimated the time that is needed to re-establish the spectrum behind the quasi-perpendicular BS as ∼10 s. Our rough estimations yield τNL, which is several times higher. However, for the case considered in the present study, the break frequency is ∼10 times lower than that in the corresponding case studied by Plank and Gingell, (2023), which may cause the difference.
Statistical distributions demonstrate the flattening of the spectra at the MHD scales (Figure 2D): for more than 85% of cases, slope P1 changes by more than 10% when the plasma crosses the BS. For 14% of cases, the Kolmogorov scaling either survives across the BS or is re-established soon after the BS crossing. Scaling of the spectra in the SW does not depend on plasma parameter βp at the MHD (as well as at the kinetic) scale, consistent with the basic idea of a cascade of turbulent eddies independent on injection and dissipation mechanisms (Frisch, 1995). The absence of any dependence of the MHD-scale slope on the local plasma parameters in the SW also indicates the universality of the cascade properties. There is a medium correlation (R ∼ −0.4) between changes in the MHD-scale slope and the plasma parameter βp: for low-beta MSH plasma, P1 tends to remain unchanged in the MSH, while the most significant flattening occurs during high βp values in the MSH. The slope in the SW does not depend on βp, and in the MSH, the spectra at the MHD scales flatten with the increase in βp with a similar correlation R∼0.4. Thus, this tendency of the slope change across the BS is due to the local MSH processes. The well-known feature of the MSH behind the quasi-perpendicular BS is the temperature anisotropy, which arises at the BS and tends to be resolved by the instability excitation (Lacombe and Belmont, 1995; Schwartz et al., 1996). The type of the instability depends on the background conditions, i.e., plasma parameter βp: for low βp, the theory predicts the excitation of Alfvén ion cyclotron (AIC) waves, while for high βp, the mirror mode waves dominate (see Alexandrova (2008) for a detailed discussion on the topic). The result presented here implies that properties of the alfvénic turbulence survive when plasma crosses the BS, while the observed deviations from the SW scaling are due to a compressive component arising at the BS most of the time. Anderson et al. (1994) also showed the increase in the amplitude of compressive fluctuations in the MSH with βp. Enhancement of the power of compressive fluctuations in the MSH is a well-known fact (Huang et al., 2017). However, differences in the changes in the properties of compressive and incompressive fluctuations at the BS should be tested more carefully in the future.
At the kinetic scale, for more than 50% of cases, the spectrum steepens behind the BS with slope P2 changing by more than 10%. In 28% of cases, the spectrum scaling does not change at the kinetic scales. On the other hand, the slope at ion scales needs negligible time (compared to the interval duration) after the BS crossing to restore its shape. The absence of a direct relation between upstream and downstream scaling, together with similar values of the slope in 28% of cases, refers to the quick restoration of turbulence properties behind the BS rather than to survived scaling across the BS. A case study by Rakhmanova et al. (2022) revealed the linear dependence of the kinetic-scale spectral slopes in the MSH and in the SW for a compressive component of fluctuations (i.e., for fluctuations in the magnetic field magnitude). Furthermore, an increase in the MSH density resulted in the clear steepening of the kinetic-scale part of the spectra. However, their result was obtained using limited statistics of disturbed SW. On the other hand, the observed differences between the present study of trace magnetic field fluctuations and a previous study of compressive fluctuations may refer to differences in the changes in turbulence properties at the BS for compressive and incompressive fluctuations. The presence of compressive waves in the MSH favors this conjecture.
Park et al. (2023) presented a statistical comparison of the magnetic field spectral scaling upstream and downstream of the interplanetary shocks of different kinds. The authors demonstrated a clear flattening of the kinetic-scale range of the spectra in the downstream region of the fast reverse shocks compared to those in the upstream region and concluded that this was a result of lower speed in the downstream region. Furthermore, the authors showed Kolmogorov scaling at both sides of the interplanetary shocks. In the case of the BS (which is also a fast reverse shock), the MSH corresponds to a downstream region, and the SW refers to an upstream region. The present study shows opposite effects of BS crossing on the kinetic-scale turbulence—either steepening or no change in the spectra is observed downstream of the BS. Thus, it is the MSH processes rather than the BS dynamics that determine the properties of both MHD and kinetic-scale turbulence in the MSH.
Scaling of the spectra at frequencies above the break in the MSH is highly affected by local plasma parameter βp and temperature anisotropy: the steepest spectra behind the BS occur for low βp and high-temperature anisotropy. Note that there are no dependencies of the spectral scaling on local density, temperature, or magnetic field magnitude, only on the combined parameter βp. The lowest values of βp are characterized by the spectral slopes P2∼–4, which is close to the values of the spectral slope in the presence of Alfvén vortices (Alexandrova, 2008). Moreover, low-beta plasma behind the quasi-perpendicular BS is favorable for the Alfvén vortex observation (Alexandrova et al., 2006; Alexandrova and Saur, 2008). Thus, steepening of the spectra with decreasing βp may be a result of the increasing contribution of the Alfvén vortices to the fluctuations. βp is typically lower in the SW than in the MSH, and Alfvén vortices may contribute to spectral formation at ion scales all the time (Perrone et al., 2016; 2017). Bowen et al. (2020b) reported that the ion-scale transition range (which is considered in the present study) can be dominated by ion-scale electromagnetic waves associated most probably with local instabilities due to temperature anisotropy. The steeper transition range of the spectra can be attributed to the presence of coherent structures (Lion et al., 2016; Perrone et al., 2016; 2017; Bowen et al., 2020a). Domination of ion-scale electromagnetic waves and coherent structures is the most probable explanation of steepening of the spectra in the MSH in the present study.
Interestingly, the present study does not reveal dependencies of the spectral slopes on the distance from the BS and the magnetopause, while these dependencies have been previously observed (Rakhmanova et al., 2018a; b, Li et al., 2020). On the other hand, Huang et al. (2017) also reported no dependency of the spectral slopes on the distance from the BS. This may be the result of the different durations of intervals under study. Rakhmanova et al. (2018a,b) and Li et al. (2020) considered intervals with durations less than 20 min, and ambient conditions had time to change across the MSH. The results obtained by Huang et al. (2017) refer to 1-h intervals, which is comparable to the period of the subsolar MSH crossing by a spacecraft. In this case, the 1-h interval of dayside MSH measurements may be affected both by the processes at the BS and at the magnetopause. This would result in smoothing of the boundary effect on the turbulence properties. The present study uses nearly 1-h intervals as well; thus, the presence of the BS and the magnetopause may be smoothed in this case.
While scaling of the MSH fluctuations is likely to be influenced by ion-scale instabilities (identified by the slope dependence on the plasma parameter and temperature anisotropy), there is no correlation between these parameters and the change in the slope at the BS. On the other hand, according to Figures 5, 8, changes in the kinetic-scale slope at the BS are influenced by the SW velocity and temperature: small-scale processes embedded to the high-speed and high-temperature plasma are not affected by the BS or are re-established faster behind the BS. Furthermore, the increase in thermal pressure (i.e., increase in temperature) (Smith C. W. et al., 2006; Lacombe et al., 2014; von Panen et al., 2014) is accompanied by the increase in the turbulence level. Thus, for a higher turbulence level in the SW, downstream turbulence development is less affected by ion-scale instabilities.
In the SW plasma, the speed and temperature are physically related. For the analyzed statistics, the correlation coefficient between these two values is close to 0.7, which corresponds well to previous statistical results (Borovsky, 2012; Elliot et al., 2012). Thus, we cannot conclude whether it is the temperature or speed that controls the changes in turbulence properties at the BS or their reformation behind it. However, all of the SW parameters are believed to be intercorrelated and to repeat some patterns corresponding to the SW origin at the Sun (Borovsky, 2018). Moreover, the SW of a different origin is known to have a different effect on the magnetosphere (Yermolaev et al., 2015; Borovsky, 2018). Borovsky (2018) reported that streams characterized by mean proton speed ∼550 km/s and proton temperatures ∼20 eV originate mainly in the coronal holes. The present results show that when the SW streams with similar parameters (see Figure 5C; Figure 8C) face the BS, the properties of the turbulent cascade at the kinetic scales either do not change at the BS or are re-established faster behind it. Borovsky (2018) reported that the interaction of the SW of the coronal-hole origin with the magnetosphere is characterized by an increased dayside reconnection driver. Thus, during this type of the SW flow, the kinetic-scale turbulence of the SW plasma may contribute to the magnetospheric disturbances. Furthermore, Borovsky and Funsen (2003) reported that the enhanced SW turbulence level (which is the case for higher temperatures and velocities) may affect the magnetospheric disturbances. Thereby, it is likely that when the SW from the coronal holes faces the magnetosphere, the SW turbulence may have an enhanced influence on the inner magnetospheric processes.
Note that changes at the BS for low-temperature and low-speed plasma are results of steeper spectra in the MSH, together with flatter spectra in the SW for these cases. In the SW, similar results were reported (Bruno et al., 2014;; Riazantseva et al., 2020). On the contrary, Li et al. (2020) did not find any relations between the turbulence features and the upstream SW speed in the MSH.
6 SUMMARY
Statistics of more than 300 spectral pairs, registered for the same plasma in the SW and in the dayside MSH behind the quasi-perpendicular BS, demonstrates the following trends.
1 There is no clear relation between the spectral slopes in the SW and downstream of the BS; typically, substantial flattening occurs in the MSH at the MHD scales, accompanied by slight steepening at the kinetic scales.
2 The scaling of the dayside MSH spectra matches the scaling in the SW for 12% of cases.
3 The least modified spectra in the dayside MSH occur during periods of high-speed (>500 km/s) and high-temperature (>10 eV) SW flows
4 Modification of the spectra at the MHD scales is more pronounced for high-beta plasma behind the BS; spectra with Kolmogorov scaling are likely to be present in low-beta MSH plasma.
5 Regardless of the scaling of the SW turbulence, in the MSH, substantial steepening of the spectra (the slope values up to −5) occurs when beta decreases and temperature anisotropy increases.
The results show that in 12% of cases, the SW turbulent cascade may survive (or be quickly re-established) during the quasi-perpendicular BS crossing. High-speed and high-temperature SW streams (which are likely to be associated with coronal holes and increased turbulence level) favor the conservation of turbulence properties or their quicker restoration behind the BS. Thus, during the periods of fast SW streams, the SW turbulence may directly affect the inner magnetosphere processes. The association of the periods of unchanged turbulence properties with the streams from coronal holes and their geoefficiency is a subject of future work.
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