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The terrestrial magnetosheath is characterized by large-amplitude magnetic field fluctuations. In some regions, and depending on the bow-shock geometry, these can be observed on several scales, and show the typical signatures of magnetohydrodynamic turbulence. Using Cluster data, magnetic field spectra and flatness are observed in two intervals separated by a sharp transition from quasi-parallel to quasi-perpendicular magnetic field with respect to the bow-shock normal. The multifractal generalized dimensions Dq and the corresponding multifractal spectrum f(α) were estimated using a coarse-graining method. A p-model fit was used to obtain a single parameter to describe quantitatively the strength of multifractality and intermittency. Results show a clear transition and sharp differences in the intermittency properties for the two regions, with the quasi-parallel turbulence being more intermittent.
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1 INTRODUCTION
Since the beginning of space exploration, instruments on-board satellites have measured interplanetary space particles and fields, allowing precious in-situ experimental study of turbulent plasmas. Turbulence [1] is the main responsible for the transfer of energy from its injection, mostly occurring at large scales, to its dissipation, typically expected at microscopic scales, where kinetic processes eventually heat the plasma or accelerate particles [2]. At high Reynolds’ numbers, nonlinear interactions, opportunely described by various terms in the magnetohydrodynamic (MHD) equations, transfer energy among wave vectors, generating the so-called energy cascade. The scale-invariance properties of the idealized MHD equations result in power-law scaling of the fields fluctuations. This is evident, for example, in the power-law decay of the power spectral density of the fluctuations. This displays specific power-law exponents in a range of scales, smaller than the energy-injection scale, where nonlinear interactions dominate the dynamics and dissipation can be neglected, called the inertial range. In the framework of classical turbulence phenomenology, spectral indexes are derived by dimensional arguments [3]. Power-law spectra are routinely seen in space plasmas velocity, magnetic field and density fluctuations [4]. An additional, ubiquitous characteristic of turbulence is intermittency [1]. Initially introduced to describe the scale-dependent, inhomogeneous spatial distribution of the turbulent energy transfer (and, subsequently, of turbulent dissipation), it refers to the formation of large amplitude small-scale fluctuations intermittently distributed in space. This cause the scale-dependent modification of the probability distribution function (PDF) of the fluctuations, and in particular the formation at small scales of non-Gaussian high tails, broadly observed in turbulent systems [1]. Space plasmas turbulence and intermittency have been thoroughly studied using spacecraft data. In the solar wind, typical spectra and scale-dependent PDFs are observed [4–6]. On the other hand, the low collisionality of space plasmas results in different scaling laws in the sub-ion range of scales [7]. At these scales, the magnetohydrodynamic description is no longer valid and viscous-resistive dissipation is replaced by field-particle interactions, whose effects on spectra and intermittency are still not completely understood. Additionally, several works have also studied the properties of turbulence in the near-Earth plasmas [8], in particular in the highly turbulent magnetosheath (MSH), showing the presence of strongly intermittent fluctuations. The magnetosheath is the turbulent, slowed down, compressed and heated solar wind plasma confined between the bow shock (BS) and the magnetopause. The magnetosheath plasma properties strongly depend on the geometry of the bow shock. For quasi-parallel BS configuration (the angle θ between upstream interplanetary magnetic field (IMF) and the BS normal is [image: image]), the downstream magnetosheath region is characterized by higher power fluctuations (see [9], and references therein) and abundance of discontinuities and strong currents [10,11]. In the quasi-perpendicular BS configuration (θ > 45°), the fluctuations are smaller and the magnetic field and ion density power spectra often show a bump at low frequencies that is attributed to the presence of different wave modes ([9,12,13], and references therein). Another differentiation between the two geometries has been recently introduced by Karlsson et al. [14] based on the ion energy flux: high energy ions are registered in the highest energy channels of particle instruments in quasi-parallel MSH, while such energy fluxes are completely absent in the quasi-perpendicular MSH. Also, the temperature anisotropy (the ratio between the perpendicular and parallel ion temperature with respect to the background magnetic field) is another indicator for the magnetosheath configuration [15], where typically the anisotropy is larger in the quasi-perpendicular MSH.
One of the most successful ways to describe the statistical properties of turbulent fluctuations is by means of the multifractal approach [16]. The scaling properties of the dynamical equations (in this case the MHD equations) result in the possibility to define singularity exponents of the fields fluctuations (i.e., a scaling exponent that describes the local regularity of a signal). While self-similar (fractal) fields are described by just one singularity exponent homogeneously covering the whole space, (multifractal) turbulent fields require a broader variety of singularity exponents to correctly describe the inhomogeneity resulting from the intermittent the energy transfer [17,18]. Various techniques exist to determine multifractal properties, including generalized dimensions and singularity spectra [19,20]. A formal relation connects the anomalous scaling of intermittent fluctuations and the multifractal nature of turbulence [17,18,21,22]. Interplanetary magnetic field [23,24], velocity [25,26] and density [27] have shown multifractal properties, which were studied to describe the fields intermittency and to describe the radial evolution of heliospheric turbulence in Voyager measurements [28,29]. High latitude turbulence was also explored in the multifractal framework [30]. Similar analyses were performed in the near-Earth space, for example in the heliopause region [31] and at the magnetospheric cusp [32].
In this article, we explore the turbulence, intermittency and multifractal properties of magnetic field fluctuations in the terrestrial magnetosheath, using an interval of data recorded by the Cluster spacecraft. In Section 2 we describe the Cluster measurements of magnetosheath plasma and fields used for this work and preliminary analysis of the turbulent properties; Section 3 provides a brief description of the multifractal analysis technique used here, and shows the comparison between results in two intervals with different magnetic field geometry; conclusions are summarized in Section 4.
2 MAGNETOSHEATH DATA: QUASI-PARALLEL AND QUASI-PERPENDICULAR INTERVALS
For this study we consider an interval of measurements collected by the four Cluster spacecraft on 05 June 2008, between 00:00:00 and 05:00:00 UTC. The spacecraft were positioned in the dawn flank of the magnetosheath at ∼(1.4,-18.3,-6) RE (where RE is the earth radius) in GSE coordinates1, with interspacecraft separation at about 8,830 km. We use magnetic field measured by the Flux-Gate Magnetometer (FGM) instrument in normal mode (sampling rate dt = 0.04 s) and plasma data from the Cluster Ion Spectrometry (CIS) instrument with spin resolution 4 s. The overview plot in Figure 1 from top to bottom shows the magnetic field components, the ion density, the plasma velocity and the temperature anisotropy from Cluster 3. The other three spacecraft observe very similar fluctuations. In that period, the Cluster formation was crossing the magnetosheath from initially a region where the solar wind ambient magnetic field was quasi-parallel to the bow-shock normal transitioning to one where the field was quasi-perpendicular. This is evident by the sudden changes in most of the measured parameters. First, the magnetic field components fluctuate strongly and change sign in the period 00:00–02:30 UTC (quasi-parallel MSH), while in 03:00–05:00 UTC (quasi-perpendicular MSH) there are no directional changes and the fluctuations are much smaller. Exceptions from this behavior are observed as few spiky events, e.g., centered at 03:45 and 04:15 UTC, where the spacecraft probably crossed for a brief moment the transition between the two geometries. Similar intensified fluctuations are present in the ion density and velocity in the quasi-parallel MSH. The temperature anisotropy also has the typical behavior of intensive variations around 1 in the quasi-parallel MSH, while in the quasi-perpendicular MSH it is predominantly steady and larger than 1 (not shown). After separating the two samples, three disturbed periods were additionally removed (probably crossings of the transition between quasi-parallel and quasi-perpendicular, evidenced for example by the sharp bursts in the density in the quasi-perpendicular sub-interval). This resulted in a final dataset of three sub-intervals in the quasi-parallel sample and two in the quasi-perpendicular sample. The main statistical properties of the magnetic fluctuations were studied for each sub-interval, using standard statistical techniques. Assuming homogeneity, the quantities were then averaged over the sub-intervals, providing the characterization of each sample.
[image: Figure 1]FIGURE 1 | Overview of the event on 5 June 2008, 00:00–05:00 UTC observed by Cluster 3. From top to bottom: three components of the magnetic field; ion density; ion velocity components and magnitude; temperature anisotropy. The vectors are in GSE coordinate frame. The shaded areas indicate the sub-samples in the quasi-parallel (yellow) and quasi-perpendicular (green) regions.
First of all, the autocorrelation function [image: image] [33] was estimated in each sub-interval, for each field component Bi (with i = x, y, z) and for each of the four Cluster spacecraft after removing the mean, so that [image: image] indicates the variance of the field fluctuations. Since the results were found to be relatively independent of the chosen component and on the specific spacecraft, an average was estimated in order to improve the statistical convergence. The Figure 2A shows the averaged autocorrelation function for both samples, indicating a smooth decrease for the quasi-parallel sample, and a slower decay for the quasi-perpendicular case. In both cases, an e-folding estimate provided an autocorrelation timescale of [image: image] s, a typical value for the magnetosheath plasma. The secondary peak near Δt ≃ 10 s, clearly observed in the quasi-perpendicular case, is likely due to the presence of waves typical of such configuration.
[image: Figure 2]FIGURE 2 | (A): autocorrelation function for the two samples, averaged over all components and all satellites. The correlation time, estimated as the 1/e value of the autocorrelation function, is roughly 5 s for both samples. (B): power spectral density/bf of the magnetic field By component measured by Cluster 2, for the quasi-parallel (‖, blue) and quasi-perpendicular ( ⊥, red) samples. Power-law fits are superposed in two frequency ranges: larger-scale range in full lines, and the smaller-scale range in dashed lines. A spectral break is identified at f ≃ 1 Hz. The respective spectral exponents are indicated, the fitting error being <0.03.
A similar study was performed for the magnetic power spectral density. The resulting averaged spectra are shown in the Figure 2B. The difference in the fluctuations energy is evident, with the quasi-parallel interval larger by at least one order of magnitude. For both cases, power-law scaling was found in two separate (larger- and smaller-scale) ranges. The spectral exponents obtained through a power-law fit are indicated in the figure, and are compatible with the typical kinetic turbulence scaling, usually observed at sub-ion scales in the solar wind, but commonly found in the magnetosheath. Looking at frequencies below 0.1 Hz shows that in the quasi-parallel samples a shallower Kolmogorov-like spectrum, with power-law scaling compatible with the typical 5/3, is present, and then a flattening indicates complete loss of correlations below 0.01 Hz. On the other hand, for the quasi-perpendicular intervals the Kolmogorov scaling has not formed yet, and decorrelation appears immediately below the peak at 0.1 Hz, likely due to the presence of waves. Such difference at low frequency is normally observed, with the quasi-parallel configuration plasma being typically more turbulent than for quasi-perpendicular configuration (see, e.g. [9]).
In order to characterize the presence of intermittency in the turbulence, the scale-dependent statistical properties of the two samples were studied by means for the two-times field increments ΔBi(t, Δt) = |Bi(t + Δt) − Bi(t)|. The probability distribution functions (PDFs) of the standardized increments were then computed for timescales Δt ranging from the resolution scale dt up to a scale comparable with half the sub-samples size. As for the autocorrelation and spectral analysis, the statistical properties were observed to be roughly independent of both the component and the spacecraft, so that the PDFs shown in the Figures 3A,B are averaged over all sub-intervals, component and spacecraft. A reference standard Gaussian curve is also indicated. For the quasi-parallel sample, the typical change of PDF shape is observed. While the PDF is roughly Gaussian at large scale ([image: image] s), the tails become higher as the scale decreases (all the way down to the resolution scale dt), indicating an increasing presence of small-scale intense structures. This is the standard signature of intermittency. Note that in this case the tails of the PDF increase even in the absence of a Kolmogorov scaling, suggesting that some cascade mechanism is probably active even in the presence of kinetic or underdeveloped turbulence. The quasi-perpendicular sample shows variable PDF over a reduced range of scales, and the shape is much closer to Gaussian at all scales. This suggests that the turbulent cascade is less developed, and intermittency is still a minor effect. Finally, we have computed the field kurtosis [image: image], a standard quantitative indicator of the deviation from Gaussian statistics [1]. Intermittency is often associated to the value of the kurtosis Kmax at the bottom of the corresponding scaling range. However, a more correct interpretation is to estimate the scaling properties of kurtosis, which is directly related to the anomalous scaling of the field statistics. This can be done through a power-law fit of the kurtosis K(Δt) ∝Δt−γ in each range where scaling is expected. The kurtosis scaling exponents γ can then be used as an indicator of the intermittency of the system, and for Navier-Stokes fluids may also be linked to the multifractal properties of turbulence [17,21,22]. Indeed, a faster increase of the kurtosis as the scale decreases corresponds to a more efficient emergence of localized, intermittent structures in the flow. The Figure 3C shows the scale dependence of the kurtosis for the two samples under study, averaged over the three magnetic field components and four Cluster satellites (again, only minor differences were observed for the different cases). A power-law fit was performed in the range 1–10 s, roughly corresponding to the larger-scale power-law range observed in the spectrum. The general behaviour is an increase toward smaller scales, although a transition region around the typical proton gyro-scale can be identified [34]. It is evident that the quasi-parallel sample has both larger maximum values ([image: image] and [image: image]) and faster increase (γ∥ = 0.24 ± 0.04 and γ⊥ = 0.10 ± 0.01) of the kurtosis, so that intermittency is larger than in the quasi-perpendicular sample. This confirms quantitatively the indication of the PDFs results that the quasi-parallel sample has more developed kinetic turbulence, while the quasi-parallel sample is only weakly intermittent. This difference may be due both to a less developed turbulence, or to the presence of disturbances such as waves and structures originated at the bow shock. Note that in the smaller-scale range, a different power-law is observed (not fitted), with a break corresponding to the spectral break seen in Figure 2. Such power-law scaling indicates that even in this range nonlinear interactions are actively generating small-scale turbulent structures. However, the energy transfer mechanisms appears to be slightly different than in the larger-scale range, as visible trough the slight change in scaling.
[image: Figure 3]FIGURE 3 | (A,B): scale-dependent PDFs of the magnetic field fluctuations, averaged over the four spacecraft and three components, and shown here at three different time lags. Gaussian reference curves are indicated as dashed lines. (A): quasi-parallel interval (‖); (B): quasi perpendicular interval (⊥). (C): kurtosis K of the scale-dependent magnetic field fluctuations, averaged over the three components and four satellites, for both intervals [quasi-parallel, ‖ and quasi-perpendicular, (⊥)]. A power-law fit K ∝Δt−γ in the larger-scale range is indicated for both samples, and the scaling exponents γ are listed.
3 MULTIFRACTAL ANALYSIS OF MAGNETOSHEATH FLUCTUATIONS
In the phenomenology of turbulence, fluctuations on all scales superpose in a highly disordered way. However, the small-scale fluctuations show the presence of sharp gradients whose characteristics are described by singularity scaling exponents [35]. As anticipated, while fractal, self-similar objects are well described by one singularity exponent, in turbulent fields intermittency introduces inhomogeneity of the fluctuations, so that the singularity exponent at a given point in space depends on the cross-scale transfer history at that location. Hence, a broad distribution of singularities is needed to fully describe the system’s properties. The distribution of singularity exponents, called the multifractal spectrum, represents one possible way to measure the exponent’s variability [36]. Wider multifractal spectra, which include more possible values of the singularity exponents necessary to describe the signal, correspond to stronger multifractality. The width of the multifractal spectrum can therefore quantitatively measure the variety of energy transfer channels, with more variability typically corresponding to enhanced intermittency [1]. A standard technique based on the multi-order scaling properties of the coarse-grained probability measure of the relevant field [29,35,37,38] is used here to obtain the multifractal spectrum of the two samples described above. This is typically based on the following steps.
1. Define an appropriate physical quantity for the analysis. This is typically a small-scale fluctuation, so that here we use the N-points time series of magnetic increments |ΔBi(t, Δt)|, i = {1, … , N} [29] estimated at a time lag Δt ≃ 0.18 s, where spectra and kurtosis were observed to flatten for both samples (see previous Section). In multifractal analysis, both the squared and absolute value magnetic field increments are alternatively used. Here, we choose to use the absolute value to obtain better statistical convergence of the partition function.
2. Create a partition of the sample. This is done by generating M = T/Δt disjoint subsets of variable timescale Δt2 labeled with j = {1, … , M}, where T is the sample duration.
3. Define a coarse-grained probability measure. For each of the subset of scale Δt, the associated probability measure is (see, e.g., [35], and references therein)
[image: image]
where the absolute value of all data values in each j-th box of size Δt is summed up, and normalized to the sum over the whole data set.
4. Use the measure defined above to estimate partition functions. For each scale Δt, these are defined as the sums over the M sub-samples of the q-th order powers of the measure[35],
[image: image]
where the number of sub-samples obviously depend on the scale. The partition functions amplify the scaling properties of the measure differently for different power exponent q, revealing the complexity of the general scaling of the field.
5. Identify singularities by determining the power-law scaling of the partition function. This can be done simply fitting the partition functions to a power-law of the scale, [image: image], and extracting the scaling exponents τq, which represent a quantitative measure of the multifractal properties of the field. For a fractal field, the exponent τq will behave like a linear function of the order q (e.g., in case of homogeneous dissipation and non-intermittent turbulence, where only one singularity exponent is sufficient to describes the whole system). Deviation from linearity is the result of the variability of the singularity exponents, or multifractality.
6. Finally, the multifractal spectrum can be obtained to provide an alternative description. The multifractal spectrum describes the local singularity exponent α and the corresponding fractal dimension f(α) of the subsets where the field has such singularity [35,37]. It can be obtained from the scaling exponents τq of the partition function using the Legendre transform αq = dτq/dq and f(α) = qαq − τq [19]. The width of f(α) gives a quantitative estimate of the strength of the multifractality [29].
For the two samples described in Section 2, the probability measures μ(Δt) and the partition functions χq (Δt) were estimated, using [image: image], with step dq = 0.01. Examples of the partition functions are shown in the Figures 4A,B. Two power-law scaling ranges were identified above the proton gyro-scale and below or around the correlation scale, corresponding to the ranges identified in the spectra. Least-square power-law fits provided the values of the set of exponents τq for each of the two samples, shown in the Figures 4C,D for the two different ranges of scales. From these, the singularity spectra f(α) were also obtained (Figures 4E,F). The deviation from the fractal behavior, i.e. from linear dependence of τq, and from a single-valued f(α), is evident. While the analysis show that both samples are multifractal, considerable differences are present between the quasi-parallel and quasi-perpendicular intervals. In particular, in the larger range of scales a higher degree of multifractality, as evidenced for example by the broader distribution of singularity exponents, is clearly observed for the quasi-parallel sample, in agreement with the other estimators of intermittency discussed above. The quasi-perpendicular interval shows a nearly symmetric multifractal spectrum f(α), typical of random multiplicative processes. On the contrary, in the quasi-parallel interval the spectrum is more asymmetric, recalling non-multiplicative cascade processes, and more similar to spectra observed in the fully turbulent solar wind [29]. This is consistent with the steeper power spectrum and reduced intermittency observed in the quasi-perpendicular interval. All these observations suggest that the turbulence is more developed in the quasi-parallel interval, where it is closer to the standard solar-wind turbulence, while in the quasi-perpendicular case the cascade did not have enough time to fully develop after the shock crossing. In the smaller range of scales, the two intervals show more similar multifractal properties, in both cases presenting a broader singularity spectrum than at larger scales.
[image: Figure 4]FIGURE 4 | Example of multifractal analysis for the By component measured by Cluster 2. (A,B): partition function χq (Δt) in the quasi-parallel (A) and quasi-perpendicular (B) samples, for q indicated in the legend. Error bars are the standard deviation of the measure over the partition boxes (the argument of left-hand side of Eq. 2). Power-law fits are indicated in the larger-scale (yellow lines) and smaller-scale (green lines) ranges, with a break around Δt ≃ 1 s, noticeable for higher orders q. (C,D): scaling exponents τq versus the order q, in the larger (C) and smaller (D) ranges of scales, for quasi-parallel (‖) and quasi-perpendicular (⊥) intervals. Error bars are obtained through the power-law fit, and are slightly larger for the quasi-perpendicular interval. (E,F): the corresponding multifractal spectra f(α). Error bars are considerably amplified by the Legendre transformation. In (C–F), full lines represent the p-model (3) obtained fitting the scaling exponents τq.
In fully developed turbulence, the multifractal spectrum can be related through a Legendre transform to the anomalous scaling exponents of the structure functions (and therefore to the scaling of the kurtosis) [17]. Therefore, theoretical models of intermittency can extend to the multifractal spectrum and provide quantitative parameters. Here, we performed a fit of the scaling exponents τq with a p-model, a popular description of intermittency in the framework of a multiplicative, multifractal nonlinear turbulent cascade [39]. Originally developed for fluid turbulence, the p-model describes the cascade as the uneven redistribution of the energy associated to vortices of a given size and at one given position to a pair of daughter vortices. At each step of the cascade, the fraction of energy transferred to each of the two daughter structure is determined as a random number extracted from a binomial distribution, p and 1 − p, where 0 ≤ p ≤ 0.5. At small scale, the fraction of energy at a given position will be the result of a cascade of randomly distributed multipliers, resulting in intermittency. The fraction p is the parameter that describes the characteristics of the cascade. According to the original model [39], the scaling exponents τq can be modeled in terms of the parameter p as:
[image: image]
The multifractal nature of a turbulent field can thus be appropriately described by the model parameter p. For p ≃ 0.5, which indicates homogeneous redistribution of energy across scales, the system will be self-similar and thus mono-fractal. Smaller values are instead associated with increasingly inhomogeneous singularities, or multifractality. For the data-sets used here, the parameter p was obtained fitting the experimental exponents τq to the p-model, Eq. 3, in the two different ranges previously identified. Fits are shown as red and blue lines in Figure 4. In the large-scale range, the values obtained from the fit, also shown in Figure 5 (see description below), are p = 0.66 ± 0.02 (quasi-perpendicular) and p = 0.69 ± 0.01 (quasi-parallel). These values were obtained by averaging over the field components and four Cluster spacecraft (the uncertainty being the standard deviations), and are compatible with standard results for intermittency in fully developed inertial sub-range turbulence [39]. The quasi-parallel interval confirms a more pronounced multifractality, as expected according to the visual inspection of the multifractal spectra. On the other hand, at smaller scales both intervals give an average p = 0.76 ± 0.01, again compatible with strong intermittency of fluid turbulence, and with no difference between the two samples.
[image: Figure 5]FIGURE 5 | Visualization of the spectral exponent β (A,B), of the P-model parameter p (C,D), and of the multifractal width Δα (E,F), obtained for the magnetic field components in both intervals. Different colors and symbols refer to quasi-parallel (blue squares) and quasi-perpendicular (red diamonds) sub-intervals. Values are averaged over the four spacecraft, the error bar being the standard deviation. (E) refer to the large-scale range, (F) to the small-scale range.
Finally, a standard measure of multifractality was obtained by computing the width of the multifractal spectrum Δα = αmax − αmin [29]. This parameter indeed provides a fast estimate of the singularity variability of the time series. The observed values, shown in Figure 5 (see description below), are of the order of Δα ≃ 1.1 (quasi-parallel) or Δα ≃ 0.85 (quasi-perpendicular) for larger scales, and Δα ≃ 1.6 for smaller scales. Those values, obtained again as average over the different components and satellites, indicate strong multifractality (for comparison see, for example [29]), and confirm once again the difference between the two configurations only at larger scales, and the more enhanced multifractal nature of magnetic fluctuations at small scales.
Figure 5 shows a comparison of spectral exponent β (A,B), model parameter p (C,D) and multifractal width Δα (E,F) for the different magnetic field components and for its magnitude (conveniently distributed along the x-axis for visualization purposes), after averaging over the four Cluster spacecraft. In the larger scale range, all parameters show a neat difference between the two samples, consistent for all components (left panels). This quantitatively confirm the qualitative result that the quasi-parallel sample is more multifractal, and thus more intermittent, than the quasi-perpendicular sample. In the smaller-scale region, the spectral difference is still evident, while multifractality becomes similar, and stronger than in the larger-scale range. This is in agreement with the steeper increase of the kurtosis observed in this range with respect to larger scales, well visible in Figure3. The nature of such range of scales remains to be studied more in detail.
4 CONCLUSION
We have performed a multifractal analysis of two adjacent intervals of magnetosheath magnetic field measured by Cluster in 2008, showing a sharp transition from quasi-parallel to quasi-perpendicular geometry. After observing the spectral and intermittency properties, the multifractal spectrum was estimated using the standard box-counting technique. Results consistently show that each of the two samples has two separate scaling ranges, both with exponents larger than the typical Kolmogorov’s 5/3, suggesting that kinetic-scale turbulence is observed. In the fluid-scale inertial range, nonlinear interactions did not have enough time or energy to generate a cascade in the quasi-perpendicular interval. On the contrary, the initial formation of a short Kolmogorov-like spectrum is observed in the quasi-parallel case. This is in agreement with typical observations in the magnetosheath. In both ranges, intermittency is present, and the magnetic field is robustly multifractal, suggesting that the kinetic-scale turbulence is dominated by nonlinear interactions. In the larger range of scales, substantial differences are present between the quasi-parallel and quasi-perpendicular sub-intervals, with the former showing stronger intermittency and, accordingly, more multifractal fluctuations. These observations confirm the well-known fact that quasi-parallel intervals’ turbulence is stronger than in quasi-perpendicular intervals, and additionally reveal that, despite the fact that spectra are not Kolmogorov’s, nonlinear interactions are generating scale-dependent structures that are typical of a turbulent cascade. This is not the case in the strongly multifractal smaller-scale range, which however needs deeper analysis, left for future works. The observations presented here highlight the turbulent nature of magnetosheath magnetic fluctuations, and provide quantitative estimates of their multifractal properties. The specific sample measured by Cluster allowed the comparison between quasi-parallel and quasi-perpendicular configurations, revealing that near ion-scales the turbulence is fundamentally different in the two regions. This could be relevant for the correct modeling of the interactions between the solar wind and the magnetosphere, and in particular for the description of magnetic fluctuations in the magnetosheath.
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FOOTNOTES
1The Geocentric Solar Ecliptic (GSE) coordinates system has its x-axis pointing from the Earth towards the Sun, the y-axis lying in the ecliptic plane and pointing towards dusk, and the Z-axis parallel to the ecliptic pole.
2Note that from this point on Δt indicates a variable coarse-graining scale, and not the increment scale that is now fixed to a given value.
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