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There is a general consensus that fluctuations in the solar wind magnetic field and/or the Alfvenicity of the solar wind drive a solar wind-magnetosphere interaction. 11 years of hourly-averaged solar wind and magnetospheric geomagnetic indices are used to further examine this hypothesis in detail, confirming that geomagnetic activity statistically increases with the amplitude of upstream fluctuations and with the Alfvénicity, even when solar-wind reconnection driver functions are weak and reconnection on the dayside magnetopause should vanish. A comparison finds that the fluctuation-amplitude effect appears to be stronger than the Alfvénicity effect. In contradiction to the generally accepted hypothesis of driving an interaction, it is also demonstrated that many solar wind parameters are correlated with the fluctuation amplitude and the Alfvénicity. As a result, we caution against immediately concluding that the latter two parameters physically drive the overall solar-wind/magnetosphere interaction: the fluctuation amplitude and Alfvénicity could be acting as proxies for other more-relevant variables. More decisive studies are needed, perhaps focusing on the roles of ubiquitous solar-wind strong current sheets and velocity shears, which drive the measured amplitudes and Alfvénicities of the upstream solar-wind fluctuations.
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1 INTRODUCTION
The impact of upstream solar-wind fluctuations on the driving of the Earth’s magnetosphere has been of interest for decades [cf. the recent review by D’Amicis et al., (2020)]. Early interest was on the association between low-frequency Alfvénic magnetic-field fluctuations in high-speed-stream solar wind with high-speed-stream-driven geomagnetic activity, so-called “HILDCAA” events (Tsurutani and Gonzalez, 1987; Tsurutani et al., 1995; Tsurutani et al., 1999; Gonzalez et al., 1999; Diego et al., 2005). During the high-speed streams coordinated few-hour periodicities are seen in the properties of the solar-wind fluctuations and in the behavior of geomagnetic indices (e.g., Tsurutani and Gonzalez, 1987; Diego et al., 2005). For these high-speed-stream driving events the underlying physical mechanism driving the Earth was hypothesized to be enhanced dayside reconnection during the southward–IMF portions of the low-frequency magnetic fluctuations (Gonzalez et al., 1999; Tsurutani et al., 1999). This hypothesis is consistent with the observed Russell-McPherron-effect variation of magnetospheric activity during high-speed stream driving (Borovsky and Steinberg, 2006a; McPherron et al., 2009). Voros et al., (2002) proposed a further hypothesis that the fluctuating direction of the solar-wind magnetic field gives rise to patchy reconnection on the dayside magnetosphere.
Jankovicova et al., (2008a), Jankovicova et al., (2008b) focused their solar-wind/magnetosphere data-analysis research on the correlations between geomagnetic activity and 1) the solar-wind fluctuation kurtosis and 2) the solar wind “Shebalin angle” θ. The Shebalin angle is directly related to the normalized fluctuation amplitude ΔB/B of the solar wind fluctuations, where ΔB is the vector fluctuation amplitude of the magnetic-field vector [image: image] where <> denotes averaging over an hour of measurements and where [image: image]: the Shebalin angle θ (in degrees) is approximately 85–23.6ΔB/B, which is a linear-regression fit to expression (2) of Jankovicova et al., (2008b) with parameters m = 0.4 and c = 0.01. Jankovicova et al., (2008a), Jankovicova et al., (2008b) suggested that turbulent fluctuations in the solar wind created an increase in favorable reconnection geometries on the dayside magnetopause.
Beyond reconnection driving of the magnetosphere, evidence has been found of an enhanced driving associated with the amplitude of solar-wind upstream magnetic-field fluctuations (Borovsky and Funsten, 2003; Borovsky and Steinberg, 2006b; Borovsky, 2006; Borovsky, 2013), even during intervals of strongly northward IMF when dayside reconnection should not be occurring (Borovsky and Funsten, 2003; Borovsky and Steinberg, 2006b; Osmane et al., 2015). The increase in the amplitude of the solar-wind fluctuations was correlated with about a 100-nT increase in the AE index. In analogy with the “freestream turbulence effect” in wind tunnels (Kwok and Melborne, 1980; Sullerey and Sayeed Khan, 1983; Blair, 1983a; Blair, 1983b; Hoffmann, 1991; Hoffmann and Mohammadi, 1991; Wu and Faeth, 1994; Volino, 1998; Pal, 1985; Thole and Bogard, 1996; Volino et al., 2003), Borovsky and Funsten (2003) hypothesized that the beyond-reconnection driving mechanism was an enhanced eddy viscosity in the solar wind plasma associated with the enhanced fluctuations [see Figure 1 of Borovsky (2006)]: the enhanced eddy viscosity would more-efficiently transfer momentum from the solar wind to the magnetosphere. A specific freestream-turbulence driver function was derived for the supersonic solar wind (cf. Section 2).
[image: Figure 1]FIGURE 1 | For times when the value of Rquick is in 10-percent intervals, 300-point running averages of the one-hour-lagged AE index is plotted as a function of the amplitude ΔB/B of the upstream solar-wind turbulence.
D’Amicis et al., (2007), D’Amicis et al., (2009), D’Amicis et al., (2010) focused their solar-wind/magnetosphere data analysis on the driving of the Earth’s magnetosphere by highly Alfvénic fluctuations during high-speed streams, finding clear evidence of the relationship between Alfvénic fluctuations in the solar wind and elevated values of the AE index activity.
Osmane et al., (2015) examined the relation between the occurrence distributions of AL-index values as functions of the mean spectral power of solar-wind Bz fluctuations for both average southward and average northward IMF. That study found effects of the magnetic-field fluctuations impacting the AL index at levels up to 200 nT.
An important question is whether this enhanced (beyond reconnection) driving of the Earth’s magnetosphere correlated with solar-wind fluctuations is real in the sense that the solar-wind fluctuations are physically doing something to the Earth’s magnetosphere. An alternative is that the properties of the solar-wind fluctuations are acting as a proxy for other solar-wind variables that are in fact causally affecting the rate of driving. Determining cause and effect has been difficult in solar-wind/magnetosphere data studies for a number of reasons: 1) the solar wind that hits an upstream monitor at L1 is not the solar wind that hits the Earth leading to errors in the solar-wind variables (Borovsky, 2018a; Borovsky, 2022a; Walsh et al., 2019; Burkholder et al., 2020; Sivadas and Sibeck, 2022), 2) geomagnetic indices are imperfect measures of solar-wind driving 3) there are strong intercorrelations of all pertinent solar-wind variables (Borovsky, 2018b; Borovsky, 2020a), 4) noise in the measurement values change the best-data-fit answers for solar-wind driver functions (Borovsky, 2022b; Borovsky, 2022c), and 5) there is a math-versus-physics dilemma in fitting solar wind data to magnetospheric data (Borovsky, 2021a).
Table 1 lists some of the variables that the fluctuation amplitudes ΔB and ΔB/B and the Alfvénicity |A| are correlated with. Most relevant, ΔB, ΔB/B, and |A| are all positively correlated with the solar-wind speed vsw, which is known to be a strong driver variable of the magnetosphere. Also relevant is the fact that ΔB is strongly correlated with the solar-wind magnetic-field strength B, another strong driving variable for the magnetosphere.
TABLE 1 | Correlation coefficients between relevant variables and ΔB = <(B- <B>)2 > 1/2, ΔB/B, and Alfvénicity |A|. The Alfvénicity is calculated using the ACE data in the years 1998–2008, other correlations use the OMNI2 dat in the years 1998–2012.
[image: Table 1]Three key questions are as follows. 1) Is the fluctuation effect on geomagnetic activity real? 2) If it is real, by what mechanisms do the fluctuations affect the coupling of the solar wind to the magnetosphere? 3) Or, is the fluctuation amplitude a proxy for something else in the solar wind that affects the coupling? Prior publications on the fluctuation effect largely did not consider these three issues.
This paper is organized as follows. Section 2 contains new and improved data analysis of the connections between upstream fluctuation amplitudes, Alfvénicity, and geomagnetic activity. Section 3 summarizes the new statistical findings and draws conclusions. Section 4 discusses (a) the potential role of solar-wind current sheets and velocity shears, (b) the fluctuation effect in the different major types of solar-wind plasma, (c) a reconnection-clock-angle effect, and (d) a connection between the solar-wind driving of the magnetosphere and the standard model for MHD turbulence in the solar wind. Section 5 suggests needed future work to discern whether or not the upstream-fluctuation effect is real.
2 SOLAR-WIND/MAGNETOSPHERE DATA ANALYSIS
Figure 1 uses 1-hr-averaged OMNI2 data (King and Papitashvili, 2005) to demonstrate the suspected effect of upstream solar-wind fluctuations on the magnetosphere independent of the rate of dayside reconnection. Here the 1-hr-lagged (from the solar wind) AE index (AE1) is plotted as a function of the fluctuation amplitude ΔB/B in the upstream solar wind. ΔB/B is effectively the rms wiggle angle (in radians) of the magnetic-field direction averaged for that hour of solar-wind data. To gauge the magnitude of the dayside reconnection rate the function Rquick is used, where
[image: image]
(e.g., Borovsky and Birn, 2014; Borovsky and Yakymenko, 2017), where nsw is the solar-wind number density, mp is the proton mass, θclock is the (GSM) clock angle θclock = arccos (Bz/(By2+Bz2)1/2), and MA is the solar-wind Alfvén Mach number. Rquick was derived to be the solar-wind controlling factor for the reconnection rate at the nose of the dayside magnetopause. Each of the curves plotted in different colors in Figure 1 pertains to a subset of 10% of the data categorized into the subsets according to the magnitude of Rquick in each hour of data. For example, the dark-red curve at the bottom of the plot is for the times when the value of Rquick is in the lowest 10% of its values, the red curve is for the second lowest 10% of the Rquick values, the orange curve is for the third lowest 10% of the Rquick values, etc. Only the first six of the 10 intervals are plotted: the two highest-Rquick intervals have a trend that reverses in the plot. As the Rquick values increase from subset to subset in Figure 1, the dayside reconnection rate increases and the curves shift to higher values of AE1. In Figure 1 the individual hourly values of AE1 are not plotted, rather for each subset of data a 300-point running average of AE1 versus ΔB/B is plotted to show the underlying trend in the scatter of points. The Pearson linear correlation coefficient rcorr between AE1 and ΔB/B is indicated on the plot for each data subset: this rcorr value pertains to the individual hourly data points not to the running averages. In each data subset there are about 27,000 hourly data points so rcorr values that are |rcorr| > 0.012 are statistically significant (i.e., inconsistent with random). As can be seen in Figure 1, AE1 increases systematically with increasing amplitudes ΔB/B of upstream solar-wind fluctuations, whether or not dayside reconnection is expected on the basis of solar-wind conditions.
Figure 1 is similar to Figure 6 of Borovsky and Steinberg (2006b) where the solar-wind driver function vswBz was used to sort the data: Rquick used in Figure 1 is a superior variable to use for sorting the data according to the expected dayside reconnection rate.
The reversal of the ΔB/B correlation with AE1 for strong values of Rquick can be seen in the red curve with circular points in Figure 2 where correlation coefficients rcorr between several solar-wind variables and AE1 are plotted for each of the 10 bins of Rquick, with low values of Rquick to the left in the plot and large values of Rquick to the right. In Figure 2 attention should be paid to the Rquick bins to the left where the ΔB/B effect is not overwhelmed by the Rquick reconnection driving. Note that with this Rquick sorting there are other solar-wind variables that have higher correlation coefficients with AE1 than ΔB/B does: in particular nv2 (green curve) and vsw (dark-red curve). In constructing viscous-interaction driver functions that act in addition to dayside-reconnection driving, these two variables are prominent (Borovsky, 2013), including when an “eddy-viscosity” driver function is derived (cf. expression (2a) below). As can be seen in expressions (2a), (2b), and (2c) below, this derived eddy-viscosity driver function depends linearly on the amplitude of the solar-wind magnetic-field fluctuations ΔB, and also on various powers of the solar-wind number density and the solar-wind velocity and it depends on algebraic functions of the solar-wind Mach number and the angle between the solar-wind magnetic field and the Sun-Earth line.
[image: Figure 2]FIGURE 2 | Correlation coefficients rcorr between several solar-wind variables and AE1 are plotted for each of the 10 bins of Rquick (binned as in Figure 1).
As stated above, for very large values of Rquick the AE-versus-ΔB/B trend reverses. For strong Rquick, the ΔB/B effect is a small fraction of the total driving and difficult to analyze: any effect that causes the strong reconnection rate to vary could dominate over the ΔB/B effect. Without specifically studying these cases, one can only speculate. The decrease at strong Rquick might be owed to the fact that the strong-driving cases sometimes involve magnetic clouds (often the strongest-driving times) and ΔB/B is small in clouds (e.g., Richardson and Cane, 2010): the selection of small ΔB/B in that case is then picking out strong driving by clouds.
The two panels of Figure 3 repeat the process of Figure 1, but sort on two other solar-wind variables besides Rquick. The left panel sorts the data into 10 bins of vsw values and the right panel sorts the data into 10 bins of ram pressure nv2 values. In both panels the relationship between ΔB/B and AE is much weakened from Figure 1 with correlation coefficients rcorr that are in general a small fraction of those in Figure 1 where Rquick sorting was used. This validates the interpretation of Figure 1 that the ΔB/B affect is in addition to the reconnection driving described by Rquick.
[image: Figure 3]FIGURE 3 | (left panel) For times when the value of vsw is in 10-percent intervals, 300-point running averages of the one-hour-lagged AE index is plotted as a function of the amplitude ΔB/B of the upstream solar-wind turbulence. (right panel) For times when the value of the solar wind ram pressure nv2 is in 10-percent intervals, 300-point running averages of the one-hour-lagged AE index is plotted as a function of the amplitude ΔB/B of the upstream solar-wind turbulence.
Figure 4 is similar to the plots of Figure 1, but a composite “Earth index” is used rather than a single geomagnetic index. The composite index E(1)(9a) is given by eq. (9a) of Borovsky and Denton (2014) and it is comprised from nine measures of magnetospheric activity: the standard geomagnetic indices AE, AU, AL, PCI, Kp, and Dst, plus a 1-hr-resolution midnight boundary index MBI (Gussenhoven et al., 1983), plus two ULF indices Sgrd and Sgeo (Borovsky and Denton, 2014). The mathematical method used to derive the composite index E(1)(9a) is canonical correlation analysis (CCA) and the method also derives a solar-wind driver function S(1)(9b) that corresponds to E(1)(9a). To make Figure 4, only times when the driver function S(1)(9b) is in its first (lowest) ten percentiles are used. The first 10% choice is for simplicity and is meant to sort for times when dayside reconnection is low. Then, for those times, a running average of E(1)(9a) as a function of ΔB/B is plotted. As can be seen, there is a clear trend where the Earth index E(1)(9a) systematically increases as the amplitude of the solar-wind fluctuations increases. For the hourly points used in Figure 4 (not the running average), the Pearson linear correlation coefficient rcorr between E(1)(9a) and ΔB/B is rcorr = 0.16, again a definite correlation.
[image: Figure 4]FIGURE 4 | For times when the solar-wind composite driver function S(1)(9b) is in its lowest 10% of values, a 101-point running average of the Earth index E(1)(9a) is plotted as a function the upstream fluctuation amplitude ΔB/B.
Figure 5 is similar to Figure 1 but it uses only the lowest 10% of the Rquick values and it examines geomagnetic activity as functions of other non-reconnection solar-wind drivers. Again, the choice of the first 10% is for simplicity and is meant to sort for times when dayside reconnection is low. The blue curves replot AE1 [panel (a)] and Hp601 [panel (b)] as a function of ΔB/B for the upstream solar-wind fluctuations. (Hp60 is a 60-minute-resolution version of the Kp index now available at ftp://ftp.gfz-potsdam.de/pub/home/obs/Hpo; Hp601 is the Hp index lagged by 1 h from the solar-wind-at-Earth measurements.) Again running averages of the individual hourly points are plotted. The red curves in both panels of Figure 5 plot geomagnetic activity as a function of vsw for the times with the lowest 10% of Rquick values, with vsw intercorrelated with ΔB/B (cf. Table 1). The green curves in both panels of Figure 5 plot geomagnetic activity as a function of the Mach-number-dependent theoretical eddy-viscosity-based coupling coefficient F for the super-sonic solar wind [cf. Eqs. 4d, (61), and (63) of Borovsky (2013)]
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where nsw is the solar-wind number density, vsw is the solar-wind speed, [image: image] is that amplitude of vector fluctuations of the solar wind magnetic field, C is the compression ratio of the bow shock, MA is the solar-wind Alfvén Mach number, and θBn is taken to be a nominal Parker-spiral angle of 45°. The black curves in Figure 5 plot geomagnetic activity as a function of a Mach-number-dependent Bohm-diffusion viscous-coupling coefficient B for the super-sonic solar wind (cf. Eqs. 4d, (33), and (39) of Borovsky (2013) and eq. (7) of Borovsky (2008a))
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where βs is the plasma-beta value of the magnetosheath plasma at the nose of the magnetopause. Simpler non-Mach-number dependent Bohm viscosity coefficients for non-super-sonic solar wind have been derived by Eviatar and Wolf (1968) and by Vasyliunas et al., (1982). Again, for F and B only the running averages are plotted in Figure 5. Note that the horizontal axis of Figure 5 has been approximately “normalized” for all variables ΔB/B, vsw, F, and B so that the running-average curves each extend from ∼0 to ∼1 for easy visual intercomparison. Figure 5 shows systematic increases in AE1 [panel (a)] and Hp601 [panel (b)] for increasing values of each of the drivers. Pearson linear correlation coefficients rcorr are also indicated for the hourly points in Figure 5. The significance levels for the correlation coefficients (with ∼15,600 hourly data points for each variable) is |rcorr| > 0.016. Recall that the data points used for Figure 5 were only the times when the Rquick values were in the lowest 10 percentiles, i.e., during weak dayside reconnection.
[image: Figure 5]FIGURE 5 | For times when the value of Rquick is in its lowest 10%, 101-point running averages of AE1 [panel (A)] and Hp601 [panel (B)] are plotted as functions of four “drivers”: ΔB/B (blue), vsw (red), F (green), and B (black).
Whereas in Figure 5 the variation of ΔB/B corresponds to an increase in AE1 of about 75 nT and to an increase of Hp601 of about 1, the other driver variables seem to account for much larger increases, about 200 nT in AE1 and up to 3.5 values of Hp601. The values of AE1 increase seem reasonable, but the values of Hp601 increase seem large if this is a “subtle” as-yet-unconfirmed driving mechanism. The Hp601 changes in Figure 5 are from ∼0.5 to ∼4; note that Hp60 is a logarithmic index so changes of Hp at small values of Hp involve smaller changes in activity than do changes of Hp at large values of Hp.
The effect of the solar-wind Alfvénicity is explored in Figures 6–10. The Alfvénicity |A| of the solar wind is calculated using measurements from the ACE spacecraft at L1 with 64-s averaged values from the Magnetic Field Instrument (MFI) (Smith et al., 1998) and proton flow measurements with 64-s time resolution from the Solar Wind Electron Proton Alpha Monitor (SWEPAM) (McComas et al., 1998), both data sets from the “Merged IMF and Solar Wind 64-s Averages” (available from the ACE Science Center at http://www.srl.caltech.edu/ACE/ASC/level2/index.html). The |A| value of the fluctuations for each hour of data at 128-s is calculated, where
[image: image]
with [image: image] and [image: image]. As described in Borovsky et al., (2019), calculations of the solar-wind Alfvénicity are contained in the Level 3 “ACE Hourly Data Parameters for Magnetospheric Driving” data set available at http://www.ssg.sr.unh.edu/mag/ace/HourlyParms/HourlyParms.html in the ACE Science Data Center. The downloadable data file THA.out contains a fluctuation analysis for each 1-h interval of the ACE for the years 1998–2008.
[image: Figure 6]FIGURE 6 | Occurrence distributions of the Alfvénicity |A| are plotted for all times (green), for times when the value of Rquick is in the lowest 10% of its values (blue), and for time when the value of S(1)(9a) is in the lowest 10% of its values.
Three occurrence distributions for the Alfvénicity |A| are plotted in Figure 6: for all times (green curve), for times when the Rquick values are low (the first ten percentiles) (blue curve), and for times when the solar-wind driver function S(1)(9b) is low (the first ten percentiles) (red curve). High Alfvénicity is high velocity-field correlation, so Alfvénic wind in Figure 6 will be taken as |A| > 0.75 and non-Alfvénic wind will be taken to be |A| < 0.75. As can be discerned by the distribution shapes of Figure 6, the Alfvenicity tends to be high (>75%) or modest (<75%). The Alfvenicity is rarely unity. The flat-shaped distribution of Alfvenicity values in Figure 6 (which should extend from |A| = 0 to |A| = 1) is consistent with uncorrelated (random, non-Alfvenic) values of δB and δv changes, i.e., non-Alfvenic regions of solar wind [cf. Figure 11B of Borovsky et al., (2019)].
In the two panels of Figure 7 the relation of Alfvénic wind (red curves) versus non-Alfvénic wind (blue curves) to geomagnetic activity as measured by the AE index [panel (a)] and by the Kp index [panel (b)] is explored. Data for all times in 1998–2008 is used. The individual hourly data points are not plotted: instead 201-point running averages of the individual hourly points are plotted to show the trends underlying the scatter of points. Pearson linear correlation coefficients rcorr for the hourly data points (not the running averages) are indicated on the plots. Both panels of Figure 7 indicate a change in the geomagnetic activity for weak driving (low Rquick values) between Alfvénic wind (red) and non-Alfvénic wind (blue), with elevated geomagnetic activity in the Alfvénic wind. A “relationship” between Alfvénicity and geomagnetic activity is seen, but an important question focuses on whether or not the relationship is cause and effect? One might worry because the Alfvénicity |A| of the solar wind is correlated with several other variables and a “correlative” relationship could be created by |A| acting as a proxy for a more-causal variable. In Table 1 some Pearson linear correlation coefficients between the Alfvénicity |A| and other solar-wind and magnetospheric variables are collected. Note in the solar wind a somewhat robust correlation of |A| with vsw (+0.35) and weaker correlations of |A| with ΔB and ΔB/B (+0.14 and +0.19). These positive correlations in part are probably associated with the high Alfvenicity of coronal-hole-origin plasma, which has tends to have high velocities [cf. Figures 8, 11 of Borovsky et al., (2019)].
[image: Figure 7]FIGURE 7 | 201-point running averages of AE1 [panel (A)] and of Kp1 [panel (B)] are plotted as functions of the solar-wind driver Rquick separately for times when the solar wind was non-Alfvénic (blue, |A| < 0.75) and for times when the solar wind was Alfvénic (red, |A| > 0.75).
[image: Figure 8]FIGURE 8 | 201-point running averages of the Earth index E(1)(9a) are plotted as functions of the solar-wind composite driver S(1)(9b) separately for times whe n the solar wind was non-Alfvénic (blue, |A| < 0.75) and for times when the solar wind was Alfvénic (red, |A| > 0.75).
In Figure 8 the relation of Alfvénic wind (red curve) versus non-Alfvénic wind (blue curve) to geomagnetic activity as measured by the E(1)(9a) composite magnetospheric-activity index is explored. As in the prior figures, the individual hourly data points are not plotted: instead a 201-point running average of the individual hourly E(1)(9a) values are plotted to show the trends underlying the scatter of points. Pearson linear correlation coefficients rcorr for the hourly data points (not the running averages) are indicated on the plot. Contrary to AE and Kp in Figure 7, there is very little systematic difference between the values of E(1)(9a) for Alfvénic versus non-Alfvénic solar wind. At this point, no explanation for the reduced effect on E(1)(9a) is available: two inconclusive research efforts intersect on this point. 1) In the present research the effect of solar-wind fluctuations is being examined and 2) in other active research efforts (e.g., Borovsky and Denton, 2018; Borovsky and Osmane, 2019; Borovsky, 2021b) the properties of the composite index are being examined, with no full understanding on either issue.
Figure 9 is similar to Figure 5 using the lowest 10% of the Rquick values, examining geomagnetic activity as measured by AE [panel (a)] and Hp60 [panel (b)] as functions of the value of the Alfvénicity |A| for the weak Rquick driving of the magnetosphere. Again running averages of the individual hourly points are plotted. Both panels of Figure 8 indicate increases in geomagnetic activity associate with Alfvénic wind (|A| > 0.75), with almost 100 nT of AE increase and about half a unit of Hp60 increase. For the times when the Rquick value is in the lowest 10%, the Pearson linear correlation coefficient rcorr between |A| and the two geomagnetic indices are indicted on the two plots of Figure 9.
[image: Figure 9]FIGURE 9 | For times when the solar-wind driver Rquick is in its lowest 10% of values, 101-point running averages of AE1 [panel (A)] and of Hp601 [panel (B)] are plotted as functions of the Alfvénicity |A|.
Figure 10 is similar to Figure 9, but it looks at the effect of the solar-wind Alfvénicity |A| on the composite magnetospheric-activity index E(1)(9a) when the magnetospheric driving by the solar-wind variable S(1)(9b) is at its lowest 10% of values. A distinct relation is seen in Figure 10 between Alfvénic wind (|A| > 0.75) and an increase in E(1)(9a), but compared with the vertical range of values of E(1)(9a) seen in Figure 8, the ∼0.15 increase in E(1)(9a) is quite small. The correlation between |A| and E(1)(9a) for the lowest 10% of S(1)(9b) driving is also quite weak (+0.05).
[image: Figure 10]FIGURE 10 | For times when the solar-wind composite driver S(1)(9b) is in its lowest 10% of values, 101-point running averages of the Earth index E(1)(9a) is plotted as a function of the Alfvénicity |A|.
Figure 11 explores the combined effects of ΔB/B and Alfvénicity |A|. For times when the value of Rquick is in the lowest 20% of its values, the 1-h lagged AE1 index and the 1-h-lagged Hp601 index are binned according to the values of ΔB/B and the Alfvénicity |A| in each hour of data. Figure 11A denotes the mean value of AE1 in each bin: red (AE1 > 100 nT), yellow (75 < AE1 < 100), green (50 < AE1 < 75), and blue (AE1 < 50 nT). Figure 11B denotes the mean value of Hp601 in each bin: red (Hp601 > 2), yellow (1.5 < Hp601 < 2), green (1 < Hp601 < 1.5), and blue (Hp601 < 1). Both large ΔB/B and strong |A| seem geoeffective: the highest activity levels are approximately in the upper-right corners of the plots where ΔB/B and |A| are largest. The two plots seem to indicate that stronger geomagnetic activity can occur for strong ΔB/B, even if |A| is weak. However, the opposite is not true: if ΔB/B is weak there is no strong activity if |A| is weak. The interpretation of Figure 11 is not definitive, but it seems to indicate that ΔB/B is more important than Alfvénicity for driving geomagnetic activity.
[image: Figure 11]FIGURE 11 | For times when Rquick is in the lowest 20% of its values, the AE index and the Hp60 index are binned according to the values of ΔB/B and the Alfvénicity |A|. Panel (A) denotes the mean value of AE1 in each bin: red (AE1 > 100 nT), yellow (75 < AE1 < 100) green (50 < AE1 < 75), and blue (AE1 < 50 nT). Panel (B) denotes the m an value of Hp601 in each bin: red (Hp601 > 2), yellow (1.5 < Hp601 < 2), green (1 < Hp601 < 1.5), and blue (Hp601 < 1).
3 SUMMARY AND CONCLUSIONS
There are three key questions. 1) Is the fluctuation effect on geomagnetic activity real? 2) If it is real, by what mechanisms do the fluctuations affect the coupling of the solar wind to the magnetosphere? 3) Or, is the fluctuation amplitude a proxy for something else in the solar wind that affects the coupling? Related to question 2) are two further questions: (A) do the solar-wind fluctuations change the dayside reconnection rate? or (B) do the solar-wind fluctuations create or enhance a viscous coupling of the solar wind to the magnetosphere?
In this report statistical data-analysis evidence is gathered that is consistent with an effect of the amplitude of solar-wind magnetic-field fluctuations on geomagnetic activity, supporting a number of prior studies. This report also gathers statistical data-analysis evidence consistent with a connection between the Alfvénicity of solar-wind fluctuations and geomagnetic activity, supporting prior studies. Evidence that argues against a change-in-dayside-reconnection-rate effect is 1) an effect of the amplitude of fluctuations on geomagnetic activity for strongly northward IMF in the studies of Borovsky and Funsten (2003), Borovsky and Steinberg (2006b), Borovsky (2006), and Osmane et al., (2015) and 2) the effect of the amplitude of fluctuations on geomagnetic activity for very weak values of Rquick throughout the present study. On this second issue (Rquick being weak) there are two worries. First, Rquick is not a perfect description of the control of geomagnetic activity by the solar wind. For instance, in Figure 7A the linear correlations between Rquick and AE1 are rcorr ∼ 0.75, so the amount of variation of AE1 not described by a knowledge of the Rquick value is 1 - rcorr2 = 44%. Second, Rquick can change quickly mostly owing to frequent clock-angle changes and there is persistence to geomagnetic activity (cf. Lockwood, 2022), so an hour of weak Rquick could have been preceded by an hour of strong Rquick and the geomagnetic activity from that prior hour of driving could still persist. When ΔB/B is larger, temporal changes in Rquick are likely to be larger (Note that the analysis of Figure 5 of Borovsky and Steinberg (2006b) attempted to guard against this persistence phenomenon and when persistence was eliminated the relationship between ΔB/B on geomagnetic activity was lessened.).
The Bohm-viscosity driver function B without direct information about the fluctuation amplitudes ΔB does about as good a job as does the freestream-turbulence driver function F that contains information about ΔB, as seen by comparing the black and green curves in each of the two panels of Figure 5. This might be an indication of a proxy effect for ΔB/B.
In the present data analysis the effect of the fluctuation amplitudes ΔB/B on the composite whole-magnetosphere activity index E(1)(9a) is found to be small compared to the effect of ΔB/B on AE or Kp. There is no idea as to why. The driver function S(1)(9b) used in the present data-analysis study does not have direct information in it about ΔB (cf. eq. (9b) of Borovsky and Denton (2014)). Note that in other constructions of composite solar-wind driving functions using the CCA methodology, if the ΔB variable is offered to the process it will be accepted into the solar-wind driving function S(1); examples are eq. (14) of Borovsky (2014) and Eq. 1b of Borovsky and Osmane (2019). Interpreting the CCA process, the acceptance of the ΔB variable indicates that it may carry unique information that is needed to better describe geomagnetic activity in terms of solar-wind variables.
In summary, evidence is found that supports definitive relationships 1) between the solar wind ΔB/B and geomagnetic activity and 2) between solar-wind Alfvénicity and geomagnetic activity. The ΔB/B relationship seems to be stronger than the Alfvénicity relationship. No clear evidence is found that precludes these relationships from being physical cause-and-effect, although that is still an outstanding question. Needed future work is discussed in Section 5: meanwhile researchers should be cautious.
4 DISCUSSION
The potential roles of solar-wind current sheets, the coupling in different types of solar-wind plasma, and the role of averaging of solar-wind magnetic clock angles are discussed.
4.1 Solar-wind current sheets and velocity shears
The amplitude measure ΔB of the magnetic-field fluctuations in the upstream solar wind is dominated by the ubiquitous strong current sheets (discontinuities) in the solar-wind plasma (Siscoe et al., 1968; Borovsky, 2010); the amplitude measure ΔB does not represent randomly-phased waves (or eddies) at diverse wavelengths (Borovsky, 2022b). The magnetic-field Fourier power spectral density (amplitude and shape) of the solar wind reflects the properties (sizes, occurrence distribution, thickness, and thickness profile) of the solar-wind current sheets [cf. Table 1 of Borovsky and Burkholder (2020)]. The strong current sheets have thicknesses of about 1,000 km (Vasquez et al., 2013) and pass the Earth at a rate of several per hour (Borovsky, 2008b); their orientations are such that the normals to the current sheets tend to be perpendicular to the Parker-spiral direction (Borovsky, 2008b). If the current sheets are not time resolved in the time series, the time series still contains the information about the jump sizes in vector-B across the current sheets and about the temporal occurrence distribution of the current sheets. In Figure 3 of Borovsky (2010) it is demonstrated that the Fourier power (amplitude) of the solar wind at frequencies lower than the time resolution is captured by using only 64-s information about the properties (size and occurrence distribution) of the current sheets seen in the ACE 64-s data for 9 years of measurements. This is the amplitude of ΔB that OMNI2 contains in its ΔB values, which are the fluctuation amplitudes for every UT hour measured with a time resolution that is a small fraction of an hour. Hence, OMNI2 contains a proper measurement of the amplitude of solar-wind fluctuations driven by the solar-wind current sheets. If the current sheets are fully time resolved in the measurements, then the Fourier power above the first high-frequency Fourier breakpoint is captured, in addition to the lower-frequency Fourier amplitude in the inertial range. This capture of high-frequency power when current sheets are resolved is demonstrated in Figures 7, 8 of Borovsky and Podesta (2015) and in Figure 11 of Borovsky and Burkholder (2020).
It is worth speculating whether the passages of the strong current sheets have an impact on the net driving of the Earth’s magnetosphere by the solar wind. It is well known that some solar-wind current sheets can produce dayside transients as the current sheets encounter the Earth’s bow shock [e.g., Sibeck et al., 1999; Sibeck et al., 2000; Zesta and Sibeck, 2004]. The passage of a strong current sheet represents a sudden strong change in the orientation of the solar-wind magnetic-field vector: this produces a temporal “on-off” driving of the magnetosphere via dayside reconnection. A question is: does the on-off driving produce a stronger overall coupling than does steady driving? The change in the reconnecting IMF can produce a twist to the magnetosphere requiring a re-orientation of some magnetospheric current systems. A second question is: does the suddenness of the changes between on-off driving result in enhanced overall coupling? The sudden change of the magnetic-field orientation across a current sheet also produces a sudden change in the IMF clock angle θclock and a shift in the level of driving via dayside reconnection and probably a change in the location of the reconnection site on the dayside magnetopause. A third question is whether jumps in the location of the dayside reconnection site somehow results in enhanced overall coupling? Arguments against these three speculations lie in the fact that the ΔB/B effect persists under strongly northward IMF when there should be little reconnection between the solar wind and the magnetosphere.
Solar-wind strong current sheets (which drive the amplitude of the measured solar-wind magnetic-field fluctuations) are often accompanied by intense abrupt velocity shears, particularly in the “Alfvénic” solar wind. The Alfvénicity measure of the solar wind |A| = |δv•δB/|δv||δB| is also dominated by the strong current sheets (“discontinuities”) of the solar wind and their co-located strong velocity shears [cf. Figure 12 of Borovsky and Denton (2010)]. The impacts of intense velocity shears on the magnetosphere have been investigated by Borovsky (2012a), Borovsky (2018c) via data analysis and global MHD computer simulations. A common feature seen in the global simulations are comet-like disconnections of the Earth’s magnetotail, although these are not likely to produce an enhanced coupling as seen in geomagnetic indices. Other effects seen in the global simulations (Borovsky, 2012a) are temporary enhancements or decreases in the cross-polar-cap potential, the production of ULF waves interior to the magnetosphere, and abrupt changes in the wind-sock orientation of the magnetosphere.
[image: Figure 12]FIGURE 12 | Geomagnetic activity is plotted as a function the reconnection driver function Rquick separately for the four types of solar-wind plasma. Panel (A) plote AE1 and panel (B) plots Kp1. Only running averages of the individual hourly data points are plotted.
In general Δv is strongly correlated with ΔB in the solar wind [e.g., Figure 14 of Borovsky (2012b)] and particularly in the Alfvénic coronal-hole-origin plasma Δv/vA (where vA is the Alfvén speed of the solar wind) is highly correlated with ΔB/B [e.g., Figure 13B of Borovsky and Denton (2010)]. Hence, it is undoubtedly true that geomagnetic activity is correlated with Δv and Δv/vA of the solar wind. Future studies should explore the connection between the solar-wind velocity-fluctuation amplitude and geomagnetic activity.
[image: Figure 13]FIGURE 13 | The occurrence distribution of ΔB/B [panel (A)] and Alfvénicity |A| [panel (B)] are plotted for the four types of solar-wind plasma.
4.2 Different types of solar wind
Xu and Borovsky (2015) developed a categorization scheme at one AU that separates the solar wind at 1AU into four types, depending on the regions of the solar surface from which the different plasma types originate. The four types are coronal-hole-origin plasma, streamer-belt-origin plasma, sector-reversal-region plasma, and ejecta. The four types of solar wind have systematically different properties, including the properties of the magnetic-field and velocity fluctuations in the plasmas (Xu and Borovsky, 2015; Borovsky et al., 2019). Figure 12 plots geomagnetic activity as a function of the reconnection driver function Rquick as given by expression 1): in panel (a) geomagnetic activity is measured with the 1-h-lagged AE index and in panel (b) geomagnetic activity is measured with the 1-h lagged Kp index. For the plots of Figure 12, the 1-hr-resolution OMNI2 data was separated into the four categories of solar-wind plasma and a 101-point running averages of the data for each type is plotted. Both panels of Figure 12 show a trend that for weak reconnection driving (low values of Rquick) coronal-hole-origin plasma (red curves) exhibits higher levels of geomagnetic activity than do the other types of plasma. The four types of plasma have systematically different properties: as noted in Table 5 of Xu and Borovsky (2015) and Table 1 of Borovsky et al., (2019): coronal-hole-origin plasma tends to have higher values of the solar-wind speed vsw, lower values of the solar-wind number density nsw, higher values of the magnetic-field-vector fluctuation amplitude ΔB/B, higher values of the flow-vector fluctuation amplitude Δv/vA, and higher values of the Alfvénicity |A|. The occurrence distributions of ΔB/B [panel (a)] and Alfvénicity |A| [panel (b)] are shown in Figure 13 separately for the four types of solar-wind plasma: the elevated values of ΔB/B and |A| for coronal-hole-origin plasma (red curves) are clearly seen. In Figure 12A at low driving (low Rquick values), the mean AE1 values of the coronal-hole-origin plasma are about 60 nT larger than they are for the three other plasma types. In Figure 13A, the median ΔB/B value of coronal-hole-origin plasma is 0.443 and for all other plasma types combined the median value is 0.315, meaning that ΔB/B is increased by about 0.128 for coronal-hole-origin plasma. In Figure 1 for weak driving (lower curves), an increase of ΔB/B by about 0.13 would correspond to an increase of AE by only about 10 nT. This sheds doubt on the increase of AE (and Kp) for low driving in the two panels of Figure 12 being caused by a systematic increase in the fluctuation amplitude in coronal-hole-origin plasma. If one zooms in on the low-driving portions of the plots in the two panels of Figure 12 one finds that geomagnetic activity, as measured by both AE and Kp, increases systematically from sector-reversal-region plasma (purple), to streamer-belt-origin plasma (green), to ejecta (blue), to coronal-hole-origin plasma (red): one solar-wind variable that systematically increases in that order from plasma type to plasma type is the solar-wind speed vsw (cf. Figure 8C of Xu and Borovsky (2015) and Figure 2A of Borovsky et al., (2019) with the same color scheme). As noted in Table 1, ΔB/B is positively correlated with vsw and the correlation of geomagnetic activity with ΔB/B could be a proxy for a cause-and-effect correlation between vsw and geomagnetic activity in addition to the driving described by Rquick, which is itself a function of vsw. Here, the use of information transfer (cf. Section 5) may be able to discern causal versus correlative connections between the two solar-wind variables ΔB/B and vsw versus geomagnetic activity.
4.3 The reconnection-clock-angle effect
The dayside reconnection rate is thought to vary as sina (θclock/2) where the exponent a = 2 in the Rquick driver function (Borovsky and Birn, 2014) and a = 8/3 in the Newell driver function (Newell et al., 2007). For various geomagnetic indices the optimal value of the exponent a varies (Borovsky, 2022c). A question is: does the time-variable clock angle θclock produce a stronger overall coupling than does steady driving? This is examined in Figure 14, where steady driving with a steady clock angle of 90° (Parker-spiral orientation at the solstice) is compared with a sinusoidally varying clock angle that varies with time t as 90° + 45osin(t). In Figure 14 sin (θclock/2), sin2 (θclock/2), and sin3 (θclock/2) are each plotted as a function of time for the steady 90° clock angle (flat lines) and for the sinusoidally oscillating clock angle. In the black-font table in Figure 14 the time averages of these quantities is listed. As can be seen in Figure 14 the average value of the clock angle θclock is the same for the steady 90° angle as it is for the sinusoidally varying angle. As can be seen in Figure 14 (and the table within) the average value of sin (θclock/2) (blue curves) is lower for the sinusoidally varying clock angle than it is for the steady clock angle. For sin2 (θclock/2) (red curves in Figure 14) the time-averaged value is the same for the steady and the varying clock angle. For sin3 (θclock/2) (green curves in Figure 14) the time-varying clock angle yields a larger mean value than does the steady clock angle. Hence, if the physical reconnection driver function has a dependence sina (θclock/2) with exponent a >2, then one could expect the fluctuations in the solar-wind clock angle to produce an enhanced solar-wind reconnection coupling than would a steady clock angle, giving one possible explanation to the observed statistical increase of coupling with an increase in the amplitude of upstream solar-wind magnetic fluctuations. In this case the enhanced coupling driven by the solar-wind fluctuations would be an enhanced average dayside reconnection rate. The Newell coupling function has sin8/3 (θclock/2), which would result in an enhance coupling with fluctuations; the Rquick coupling functions has sin2 (θclock/2) which would not result in an enhanced coupling with fluctuations.
[image: Figure 14]FIGURE 14 | The functions sin(θclock/2) (green), sin2(θclock/2) (red), and sin3(θclock/2) (blue) are plotted as functions of time for the steady 90o clock angle and for the sinusoidally oscillating clock angle 90o + 45osin(t). The table in the figure lists the average values for the steady 90o clock angle and for the sinusoidal 90o + 45osin(t) clock angle.
When considering this clock-angle effect, it must be kept in mind that the amplitude of the ΔB/B effect persists under strongly northward IMF [e.g., Figure 4 of Borovsky and Funsten (2003) or Figure 5 of Borovsky and Steinberg (2006a), Borovsky and Steinberg (2006b)] where dayside reconnection should be a very weak effect and modulating it should not produce much geomagnetic-activity change. The fact that the baseline level of geomagnetic activity is low when Rquick is low (cf. the dark-red, red, and orange curves in Figure 1) confirms that there is very little reconnection driving when θclock ∼ 0° (strongly northward).
4.4 The “freestream turbulence” effect
In previous publications this is enhanced-geomagnetic-activity affect was referred to as a “turbulence” effect (e.g., Borovsky and Funsten, 2003; Borovsky and Steinberg, 2006b; Borovsky, 2006; Jankovicova et al., 2008a; Jankovicova et al., 2008b; D’Amicis et al., 2007; D’Amicis et al., 2009; D’Amicis et al., 2010; D’Amicis et al., 2020). As noted in Section 4.1 the measured amplitudes of ΔB in the solar wind are primarily owed to strong current sheets in the solar wind, with several sheets passing a spacecraft per hour. The origin of those current sheets is not understood (Neugebauer and Giacalone, 2010; Neugebauer and Giacalone, 2015; Li and Qin, 2011; Owens et al., 2011; Tu et al., 2016; Telloni et al., 2016; Viall and Borovsky, 2020): some could be associated with active turbulence (Greco et al., 2009; Zhdankin et al., 2012; Vasquez et al., 2013) but it is known that some are fossils from the corona (Borovsky, 2020b; Borovsky, 2021c; Borovsky and Raines, 2022). In this report the author chose to focus on the term “fluctuations” rather than “turbulence”.
If the fluctuations in the solar wind are purely turbulence, then the ΔB/B effect analyzed here would have an interesting interpretation. The “standard model” for MHD turbulence in the solar wind (based on the shape of the magnetic power spectral density plot for the solar wind) is that energy in large scale-scale passive structures feeds the turbulence cascade (Matthaeus et al., 1994; Matthaeus et al., 2015). The magnetic power spectral density of the solar wind typically has a mild breakpoint at a frequency of about 1 h (Tu and Marsch, 1995; Bruno et al., 2019). In the standard model lower-frequency power (1 h and longer) is attributed to the passive “energy-containing” scales and higher frequency power (1 h and shorter) is denoted as the “inertial range” of active turbulence. When hourly averaging the solar wind data, the hourly-averaged data describes the energy-containing structure: when looking at ΔB/B measured during 1 h one is looking at the inertial range fluctuations. Hence, from a turbulence point of view, an interpretation of the ΔB/B effect is that the Rquick driving is a driving of the Earth by the energy-containing structures in the solar wind and the additional ΔB/B geomagnetic activity represents driving of the Earth by active solar-wind turbulent fluctuations. Getting away from a turbulence point of view one could say that the Rquick driving is owed to larger-scale structure in the solar wind and that the ΔB/B effect is owed to the ubiquitous strong current sheets within that structure.
5 FUTURE WORK
A number of mechanisms have been suggested for upstream solar-wind fluctuations to act to increase the coupling of the solar wind to the Earth’s magnetosphere: 1) reconnection with the southward-IMF portion of fluctuations (Tsurutani and Gonzalez, 1987; Tsurutani et al., 1999), 2) patchy magnetopause reconnection (Voros et al., 2002), 3) fluctuations increase favorable geometry for dayside reconnection (Jankovicova et al., 2008a; Jankovicova et al., 2008b), 4) fluctuations produce a global-scale eddy viscosity (Borovsky and Funsten, 2003; Borovsky, 2013), 5) current sheets or velocity shears play a role (suggested in Section 4.1), and 6) averaging of fluctuating sinx (θclock/2) functions suggested in Section 4.3). An alternative explanation is that the fluctuation amplitude acts as a proxy for some other more-relevant solar-wind variable. This presents an outstanding problem for space physics.
Further advancements in computer simulations are needed to help quantify and understand the effect of upstream solar-wind fluctuations on the Earth’s magnetosphere. These simulations can be local (focusing on perhaps one region around the magnetopause) or global, encompassing the upstream solar wind, the bow shock and magnetosheath, and the entire magnetosphere and magnetotail. Localized kinetic simulations indicate that the presence of magnetic-field fluctuations can lead to an enhanced growth of Kelvin-Helmholtz waves on the magnetopause (Nakamura et al., 2020), presumably producing a stronger coupling of the solar wind to the Earth’s magnetosphere. Adding Alfvénic fluctuations to the upstream solar wind in global MHD simulations of the magnetosphere found that ULF waves could be driven inside the magnetosphere McGregor et al., (2014): certainly if geomagnetic activity were to be measured by a ULF index (e.g., Romanova et al., 2007; Kozyreva et al., 2007; Romanova and Pilipenko, 2009), an increase in geomagnetic activity associated with the added Alfvénic fluctuations would be seen in the simulation. For solar-wind-fluctuation coupling studies, global MHD simulations have good aspects and bad aspects. Two good aspects are that the simulations can analyze the reaction of the global coupled magnetospheric system to the solar wind and that the simulations can correctly account for multiple simultaneous timelags for the diverse reactions. A bad aspect is the fact that MHD simulations can be dominated by high-derivative numerical errors at steep boundaries such as the magnetopause [cf. eq. (23) of Raeder (2003) or cf. Sect. 37.3 of Raeder et al., (2021)]. and at those critical locations physical conservation laws can be violated. This is not a resolution problem: it happens at the ideal-MHD grid scale whatever that scale is. This numerical-error problem leads to coupling related questions such as: Is the reconnection rate correct in the simulation? Are the viscous mechanisms correct in the simulation? Are the plasma-entry mechanisms correct in the simulation? Another drawback to present-day global MHD simulations is that the spatial resolution in the solar-wind portions of the simulation domain are very coarse so that small-spatial-scale (higher-frequency) solar-wind fluctuations cannot be included in the simulations. The field of solar-wind/magnetosphere coupling research looks forward to higher-Reynolds-number global-MHD simulations and to much-needed advancements in global hybrid and global Vlasov simulation methods.
Going beyond correlation studies with the use of information theory (information transfer, transfer entropy, etc.) is clearly a pathway that needs to be utilized in the future (e.g., March et al., 2005; Materassi et al., 2011; Balasis et al., 2013; Wing et al., 2016; Runge et al., 2018; Wing and Johnson, 2019; Manshour et al., 2021). For the outstanding question of whether or not the observed relationships between the solar-wind fluctuations and geomagnetic activity are cause-and-effect relationships, information theory can provide critical and more-clear evidence than simple correlations do.
As pointed out by D’Amicis et al., (2007), D’Amicis et al., (2009), D’Amicis et al., (2010) in regard to the relationship between solar-wind fluctuations and geomagnetic activity, there are different types of solar-wind fluctuations such as Alfvén waves, convected magnetic structures, MHD turbulence, etc. The work by D’Amicis et al., (2007), D’Amicis et al., (2009), D’Amicis et al., (2010) (and the work in the present study) of sorting Alfvénic versus non-Alfvénic wind for the coupling studies is a starting point for sorting the solar-wind data according to the type of fluctuations. In future, this sorting could be further progressed by inspection of the solar-wind time series and categorizing individual structures as they pass the solar-wind monitor.
Related to the sorting of the fluctuation type, it is recommended that analysis and thinking be focused on the specific effects of solar-wind current sheets and solar-wind velocity shears on geomagnetic activity. As noted in the discussion of Section 4, 1) the magnetic-field fluctuation-amplitude measure of the solar wind and 2) the Alfvénicity measure of the solar wind are both dominated by the ubiquitous strong current sheets of the solar wind.
A leading candidate mechanism underlying the viscous interaction is the Kelvin-Helmholtz instability on the Earth’s magnetopause (Miura, 1997; Nykyri and Otto, 2001; Masson and Nykyri, 2018) transporting magnetosheath momentum into the magnetosphere, transporting magnetosheath plasma into the magnetosphere, and enhancing reconnection between solar-wind magnetic-field lines and magnetospheric field lines. The “effective diffusion coefficient” related to the Kelvin-Helmholtz non-linear phase is able to explain the mass transport in different IMF configurations and taking into account the complex three-dimensional dynamics at the magnetopause (cf. Nakamura and Daughton, 2014; Borgogno et al., 2015; Sisti et al., 2019; Nykyri et al., 2021; Nakamura et al., 2022). It has been argued that the growth rate and effectiveness of the Kelvin-Helmholtz instability is enhanced when the level of velocity fluctuations in the magnetosheath is higher (Nykyri et al., 2017), and the level of fluctuations in the magnetosheath may be related to the level in the upstream solar wind. An investigation of the impact of solar-wind current sheets and their abrupt velocity shears on the Kelvin-Helmholtz physics might be fruitful.
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