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The response of the Earth’s magnetotail current sheet to the external solar wind driver is highly time-dependent and asymmetric. For example, the current sheet twists in response to variations in the By component of the interplanetary magnetic field (IMF), and is hinged by the dipole tilt. Understanding the timescales over which these asymmetries manifest is of particular importance during geomagnetic storms when the dynamics of the tail control substorm activity. To investigate this, we use the Gorgon MHD model to simulate a geomagnetic storm which commenced on 3 May 2014, and was host to multiple By and Bz reversals and a prolonged period of southward IMF driving. We find that the twisting of the current sheet is well-correlated to IMF By throughout the event, with the angle of rotation increasing linearly with downtail distance and being more pronounced when the tail contains less open flux. During periods of southward IMF the twisting of the central current sheet responds most strongly at a timelag of ∼ 100 min for distances beyond 20 RE, consistent with the 1–2 h convection timescale identified in the open flux content. Under predominantly northward IMF the response of the twisting is bimodal, with the strongest correlations between 15 and 40 RE downtail being at a shorter timescale of ∼ 30 min consistent with that estimated for induced By due to wave propagation, compared to a longer timescale of ∼ 3 h further downtail again attributed to convection. This indicates that asymmetries in the magnetotail communicated by IMF By are influenced mostly by global convection during strong solar wind driving, but that more prompt induced By effects can dominate in the near-Earth tail and during periods of weaker driving. These results provide new insight into the characteristic timescales of solar wind-magnetosphere-ionosphere coupling.
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1 INTRODUCTION
Geomagnetic storms generate a complex and highly time-dependent response in the solar wind-magnetosphere-ionosphere system. Fundamentally these are driven by enhanced dayside magnetic reconnection due to prolonged periods of southward interplanetary magnetic field (IMF), increasing the amount of open flux in the magnetosphere (Dungey, 1961; Siscoe and Huang, 1985). The advection of open field lines into the nightside eventually triggers tail reconnection, which energises the plasma sheet and injects high-energy particles into the inner magnetosphere, providing a source for ring current and radiation belt populations (Gabrielse et al., 2014; Akasofu, 2018; Sandhu et al., 2018). Tail reconnection during storms is associated with strong substorm activity which is responsible for intense space weather impacts, posing a significant societal risk (Eastwood et al., 2018). Understanding the timescales over which storms evolve is therefore crucial in predicting and mitigating their impact, and is strongly dependent on the global convection process.
The sequence of dayside and nightside reconnection and the ensuing global convection can be described according the expanding/contracting polar cap (ECPC) paradigm (Cowley and Lockwood, 1992). From the ionospheric perspective, the opening of flux on the dayside causes the growth of the open-closed field line boundary around noon, and the resulting flows lead to an expansion of the dayside polar cap. Field lines then advect anti-sunward towards the nightside where they reconnect in the magnetotail, causing ionospheric flows which result in a contraction of the polar cap. Since the dayside and nightside reconnection rates are generally not in balance the polar cap tends to evolve continuously (Milan et al., 2007), with quasi-periodic loading and unloading of nightside open flux associated with substorm activity. The transport of open field lines to the nightside reconnection region occurs over a period of ∼ 1 h, depending on driving conditions and the state of the system (Milan et al. (2021) and references therein), and hence changes in solar wind driving are communicated gradually throughout the magnetosphere by convection.
However, changes in the magnetosphere can also be communicated by magnetohydrodynamic (MHD) waves over seconds to minutes; studies have shown that ionospheric convection can fully reconfigure over 10–20 min in response to the onset of magnetopause reconnection (Morley and Lockwood, 2006 and references therein). In this sense there are two different response timescales: firstly, the typical wave transit time for information to be transmitted across field lines from the solar wind to the ionosphere and nightside magnetosphere, and secondly the convection timescale through which flux is circulated from the dayside to the nightside, and then back to the subsolar magnetopause. Ionospheric signatures have been observed almost immediately on both the dayside and nightside in response to southward IMF turnings (e.g., Snekvik et al., 2017), consistent with the first, shorter timescale type of response. The propagation of fast mode waves during strong compression of the magnetosphere can also rapidly reconfigure the magnetotail and trigger sudden commencements on the ground (Desai et al., 2021b; Eggington et al., 2022). It has been found that field-aligned current (FAC) systems start to flow on the dayside ∼ 10 min after the onset of dayside reconnection, but after ≳ 1 h on the nightside (consistent with the model proposed by Cowley and Lockwood, 1992) indicative of convection gradually proceeding throughout the system and triggering the onset of substorms and their subsequent evolution (Anderson et al., 2014; Milan et al., 2018; Coxon et al., 2017; Coxon et al., 2019).
The response of the magnetosphere-ionosphere system to changes in the IMF can be decomposed into a separate dynamical dependence on each component, particularly By and Bz (in the Geocentric Solar Magnetospheric (GSM) frame), and depends further on the particular configuration of the system at a given time. In a statistical analysis of Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) data, Coxon et al. (2019) found a 10–20 min dayside FAC response to IMF variation, suggesting a direct driving of the dayside Region 1 FACs, whilst the strongest correlations of the nightside FAC were at timelags of 60–90 min, consistent with the ECPC paradigm as found in similar studies (Anderson et al., 2014; Shore et al., 2019). Even longer timescales of 120–150 min were seen on the nightside, possibly corresponding to the end of the substorm cycle; a [image: image] 1 h nightside FAC delay after northward IMF turnings (i.e., negative to positive Bz) was also found by Milan et al. (2018), suggesting gradual contraction of the polar cap due to prolonged nightside reconnection. Whilst these timescales are consistent with global convection, differences in the FAC response can occur between dawn and dusk which cannot be explained purely by the ECPC paradigm. Instead, these can arise to the effect of IMF By, which has a well-established asymmetric effect on ionospheric convection (e.g., Grocott et al., 2010; Grocott, 2017). Specifically, Coxon et al. (2019) identified the strongest nightside FAC response to IMF By to be between 90 and 150 min, whilst Milan et al. (2018) found that dayside responses to IMF By were prompt, but were delayed on the nightside by up to an hour and developed further over up to 4 h.
Asymmetries arise from IMF By as a result of unequal loading of magnetic flux into the dawn and dusk tail lobes in the northern and southern hemispheres, such that the IMF exerts a torque on newly-reconnected field lines. This results in a twisting (i.e., rotation in the GSM Y-Z plane) of the magnetotail lobes through an accumulation of By in the tail, and hence a rotation of the magnetotail current (neutral) sheet out of the equatorial plane due to asymmetric lobe pressure (e.g., Cowley, 1981; Xiao et al., 2016). The ‘penetration’ of IMF By into the plasma sheet is well-noted in observations (Sergeev, 1987; Borovsky et al., 1998), which also show that an additional By component collinear to IMF By is induced on closed tail field lines (e.g., Kaymaz et al., 1994). If driven by global convection this effect should, via tail reconnection, result in asymmetries in the ionosphere on the order of hours. This is supported by previous observations showing that timescales of ≳ 1 h are required for a By to be generated in the tail, with delays as long as ∼ 4–5 h seen under northward IMF (Rong et al., 2015; Browett et al., 2017), consistent with Milan et al. (2018).
The twisting of the tail can also occur due to a separate mechanism in which shear flows, set up by MHD waves due to asymmetric lobe pressure, rapidly induce a By in the magnetosphere. This has been shown via simulations to proceed onto closed field lines on the order of tens of minutes in response to a step-like increase in IMF By, prior to changes in nightside reconnection (Tenfjord et al., 2015). In fact, recent simulations have shown that active nightside reconnection acts to reduce the By asymmetry in the tail (Ohma et al., 2021). This can likewise result in ionospheric asymmetries via the displacement of field line footpoints, such as asymmetric aurorae (Motoba et al., 2011). However, the distinction between an initial response to a change in IMF and a full reconfiguration of the system may complicate any deduced timescales; a later study by Tenfjord et al. (2017) using GOES observations during IMF By reversals suggested response times of [image: image]15 min and reconfiguration times of [image: image]45 min. Similar delays were seen when investigating northward IMF conditions (Tenfjord et al., 2018).
Observations of IMF By reversals have shown a rotation of the current sheet in the (anti-)clockwise direction for a (positive) negative By, occurring over timescales of only tens of minutes, and without a dependence on downtail distance (Case et al., 2018). The rotation was more easily observed during northward IMF, and large-scale observations have shown that the twisting effect is stronger on average for northward IMF conditions (Owen et al., 1995; Tsyganenko and Fairfield, 2004; Xiao et al., 2016). A separate study finding a longer twisting timescale of up to ∼ 3 h also showed that the delay was longer in the inner magnetosphere, i.e., it propagated inward from the middle magnetotail (Pitkänen et al., 2016). A global MHD simulation using idealised IMF variations showed that the outer portions of the current sheet near the magnetopause respond the most promptly (Walker et al., 1999). At a distance of 20 RE from the Earth, timescales of ∼15 min were found for the outer current sheet compared to a response of up to 1 h in the inner (central) current sheet. The timescale of response was slower further downtail, and the twisting more exaggerated; a similar simulation study associated this downtail delay in plasma sheet twisting with the formation of transpolar arcs (Kullen and Janhunen, 2004). The wide range of response timescales reported by different studies suggests there may be a strong dependence on the particular state of the magnetosphere.
In addition to the mechanisms described above, other sources of plasma sheet By exist such as the hinging (i.e., a bending in the GSM X-Z plane) of the current sheet due to the dipole tilt, which introduces some diurnal and seasonal dependence (Petrukovich, 2011). Outside of the MHD description there are various kinetic processes in the magnetotail which affect the current sheet, and which influence the loading-unloading cycle (e.g., Kuznetsova et al., 2007). In particular, observations have shown current sheet flapping motions (perturbations perpendicular to the sheet) which provide an additional mode of energy transport in the tail (e.g., Zhang et al., 2002; Sergeev et al., 2003; Rong et al., 2010). Whilst such disturbances may occur on the MHD scale, their generation has been associated with smaller-scale effects such as instabilities driven by tail reconnection (Zhang et al., 2020 and references therein). However despite these additional complex processes, MHD is still effective at describing the larger scale, more directly-driven response.
Global MHD simulations provide the means to model the global magnetosphere for arbitrary driving conditions, since they can capture the state of the system during a real event by using upstream solar wind data as the model input. Simulating a real geomagnetic storm also provides a meaningful case study to investigate how changes in IMF are propagated through the magnetosphere during non-idealised conditions, which is of particular importance for space weather prediction. During such an event the solar wind conditions are extremely variable, resulting in a magnetospheric response over a variety of timescales. This study will complement previous simulations with synthetic solar wind driving in which timescales are sensitive to the chosen initial conditions, and provide further physical insight into studies based on in-situ observations by offering a global perspective. To this end we use the Gorgon MHD code to simulate the first 24 h of a real geomagnetic storm which commenced on 3 May 2014, and analyse the response of the magnetotail to varying strength of driving and changes in IMF orientation. This also provides a foundation for future comparison to observations during the same event, to further elucidate the source of the different timescales.
2 SIMULATING THE STORM OF 3 MAY 2014
2.1 Solar wind conditions
In selecting an appropriate event to simulate there is a preference to a storm preceded by steady, quiet solar wind conditions, such that the magnetospheric response is particularly pronounced and its timescales are easily identified. One such candidate occurred between 14:00 UT on 2014/05/03 and 11:00 UT on 2014/05/07, and was identified from the list of geomagnetic storms given in the supporting information of Murphy et al. (2018) (storm number 34 in said list). This event was preceded by several hours of weak, predominantly northward IMF, for which the magnetosphere was relatively closed. We note that there is also good observational coverage of this event in both AMPERE and SuperMAG data, which will be used for comparison in future studies using the simulation results.
Figure 1 shows the (1 min cadence, bow shock-shifted) solar wind conditions from OMNI (Papitashvili and King, 2020) during the first 24 h of the storm, which contained the period of longest continuous southward IMF during the four-day period and hence the most intense geomagnetic activity. The shock front associated with the storm is seen to arrive at around 17:50 UT on 3 May when the density suddenly increases by about a factor of 2. The IMF also grows and turns southward, remaining so for essentially all of the following 15 h and hence presents favourable conditions for steady nightside reconnection. As well as the initial shock, there is a density pile-up followed by a sharp decrease through another shock at around 05:50 UT on 4 May. The temperature is enhanced following both of these shocks, suggesting that the former is a fast forward shock whereas the latter (with an increase in B and v) is consistent with a slow reverse shock (Oliveira, 2017). An additional, smaller dynamic pressure enhancement is then seen around 11:50 UT on 4 May.
[image: Figure 1]FIGURE 1 | Solar wind conditions used to drive the simulation, taken from OMNI. Shown in GSM coordinates are (A) the IMF B, (B) the solar wind velocity v, (C) the number density n and (D) the ion (and electron) temperature Ti,e.
The shock around 05:50 UT on 4 May also coincides with a prominent IMF By reversal, followed by another at 07:00 UT, which should generate strong asymmetries in the tail and so will be of particular interest in our analysis of the current sheet response. In fact, By is negative for almost all of the time for which the IMF is southward, and so there should be a noticeable twisting of the magnetotail throughout. Note the dipole tilt angle ranged from [image: image] for this period (shown later in Figure 4C), and hence there should be a noticeable and varying hinging effect in the current sheet as well. The IMF then switches northward at around 09:00 UT on 4 May, and is rarely southward for the remaining 7 h shown here. After the initial shock, the velocity remains relatively constant during the event, meaning that timescales associated with convection should depend primarily on the IMF orientation and can be more easily inferred.
2.2 Simulation setup
The Gorgon MHD code models the terrestrial solar wind-magnetosphere interaction by solving the semi-conservative resistive MHD equations on a regular, Eulerian, staggered cartesian grid, and is unique amongst magnetospheric MHD codes in solving for the magnetic vector potential (Ciardi et al., 2007; Mejnertsen et al., 2018; Eggington et al., 2020; Desai et al., 2021a). In this study we utilise a grid with uniform resolution of 0.5 RE, which ensures that the tail is well-resolved at all downtail distances, and a domain spanning X = (−24, 126) RE, Y = (−60, 60) RE, Z = (−60, 60) RE. The time-dependent solar wind parameters are applied at the sunward boundary, with the Earth’s dipole (of moment 7.73 × 1022 Am2) at the origin within the inner boundary of radius 3 RE. Here the FACs are mapped along dipole field lines to a thin-shell ionosphere model where the resulting electrostatic potential is calculated and mapped back out to the magnetosphere to set the plasma flow as an inner boundary condition (Eggington et al., 2018). The ionospheric conductance is calculated from a combination of solar EUV ionization using the empirical formulae of Moen and Brekke, (1993) assuming F10.7 = 100 × 10–22 Wm−2Hz−1, and uniform background polar cap Pedersen and Hall conductances of ΣP = 7 mho and ΣH = 12 mho, respectively, as per Coxon et al. (2016).
To capture the geometric effects of the dipole tilt we use a fixed tilt angle of μ = 15° (the contribution due to the seasonal obliquity of the dipole) and impose the diurnal rotation of the dipole onto the solar wind. The coordinate system is thus related to GSM through a rotation by an angle between ∼±10° in the X-Z plane, depending on the time of day, except that X and Y are defined in the opposite sense. Hence when we transform into GSM for our analysis, the diurnal variation is imposed back onto the dipole which rotates accordingly. The benefit of using a fixed non-zero tilt angle versus the use of Solar Magnetic (SM) coordinates, in which the dipole is fixed along Z (Hapgood, 1992), is greatly reduced solar wind inflow angles hence allowing for a smaller simulation domain. The solar wind data are taken from OMNI and transformed into simulation coordinates by calculating the mean value of μ during the day in question. We inject solar wind for a total of 24 h starting from 16:00 UT on 3 May, with initialisation performed using the relatively quiet 2 h of conditions prior to this window. Since a varying Bx cannot be injected into the simulation box, we simply set the IMF Bx to zero throughout.
One important point to consider is the dependence of the key timescales in the model (e.g., that of global convection) on the model numerics. In the present study we assume ideal MHD by setting the resistivity in the model to zero, such that the Dungey cycle proceeds due to numerical diffusion as is commonly the case with magnetospheric MHD codes. The resulting dynamics will differ between models due to their use of different solvers, grid resolutions/geometries and model parameters such as ionospheric conductance. For example, models can show disagreement in predictions of magnetospheric topology and ionospheric cross-polar cap potential even when driven with the same solar wind conditions (Honkonen et al., 2013; Gordeev et al., 2015). However whilst key timescales in the simulation may be slightly faster or slower than in reality, the simulation still provides valuable insight into the global phenomena driving the system response and complements observations.
3 SIMULATION RESULTS
3.1 Dayside vs. nightside reconnection rate
To establish the key periods of driving during this event we first investigate the variation in dayside coupling and open flux content in the magnetosphere. The dayside reconnection rate ΦD can be estimated using the solar wind coupling function of Milan et al. (2012), which has the form:
[image: image]
[image: image]
for which Byz is the IMF magnitude in the GSM Y-Z plane and θIMF = arctan (By/Bz) is the IMF clock angle. Whilst the strength of coupling in the simulation may differ slightly from this empirical formula, the general trends should be similar. We can establish this based on the growth and decay in the open flux FPC, which we calculate by integrating the magnetic flux through cells at the outer boundary of the simulation domain which contain open field (Eggington et al., 2022). The magnetic connectivity is determined by tracing field lines from each grid cell and finding where they terminate; open field is defined where one end terminates at the Earth (the North pole for our calculation) and the other in the solar wind (see similarly Honkonen et al., 2011; Aikio et al., 2013; Mejnertsen et al., 2021). Figure 2 shows the variation of these quantities during the first 24 h of the storm, with shading indicating periods in the simulation where either the dayside (ΦD) or nightside (ΦN) reconnection rate dominate, determined simply by whether dFPC/dt is positive or negative, respectively. The initial switch from northward to southward IMF at 18:00 UT on 3 May is associated with a sudden increase in ΦD. This remains relatively high for the following 15 h until the switch back to northward IMF at around 09:00 UT, after which ΦD is generally much lower for the remainder of the event. In that sense the first 24 h of the event can be split into two parts: an extended period of strong, predominantly southward IMF driving, and then a subsequent shorter period of weaker, predominantly northward IMF driving.
[image: Figure 2]FIGURE 2 | Time-series of (A) the estimated dayside reconnection rate ΦD using the coupling function of Milan et al. (2012), and (B) the amount of open magnetic flux FPC in the simulation. Green shading indicates where the dayside rate dominates the nightside rate ΦN, with red indicating the opposite.
The open flux in the simulation gradually increases during the first few hours of the storm, particularly after 18:00 UT on 3 May when the IMF first turns southward. The dayside rate then dominates until around 19:30 UT, with the nightside rate then catching-up and causing a net reduction in FPC over the following hour. Another sudden increase in ΦD around 20:30 UT causes FPC to climb once more to a peak around 22:00 UT. The open flux content then remains close to this elevated level for the remainder of the period of predominantly southward IMF driving, with ΦD and ΦN frequently exceeding one-another. Notably, FPC shows very little variation between 01:30–03:00 UT on 4 May and again between 05:30–08:30 UT. This suggests a dynamical state similar to steady magnetospheric convection (SMC), which arises when the dayside and nightside rates are in relative balance such that tail reconnection can proceed in a laminar fashion (DeJong et al., 2009; Walach and Milan, 2015; Milan et al., 2019). Since SMC can persist for several hours (Walach et al., 2017), the magnetotail current sheet may thus be relatively steady during this period and not disturbed by substorm activity.
After the switch to northward IMF at 09:00 UT the nightside rate dominates as expected (since ΦD becomes very small), closing the majority of the remaining open flux gradually over about 2 h as ΦN decays. This is slightly longer than the duration for which ΦD > ΦN after 18:00 UT, indicating a characteristic global convection timescale of around 1–2 h in the simulation. This is broadly consistent with observations of polar cap contractions: a survey of 25 nightside reconnection events found durations up to 150 min with an average of 70 min (Milan et al., 2007). Note that the same study found values of FPC ranging between 0.2 and 0.9 GWb across all events, comparable to those found here which provides further confidence in the simulation. After around 11:00 UT the dayside rate dominates briefly, but the open flux content then remains low for the remainder of the simulation. This confirms that the latter period of the event should be suitable for studying any distinct modes of response that occur under weaker driving unlike that of the preceding stormtime conditions.
3.2 Magnetotail configuration
For our analysis of the magnetotail the simulation data are transformed from Gorgon coordinates into an aberrated GSM (AGSM) frame, which has its X-axis anti-parallel with the average GSM solar wind flow direction. This reduces aberration in the tail due to the vy and vz components of the solar wind velocity vector, hence reducing the displacement of the current sheet along the Y- and Z-axes, and has been used in similar studies to account for the ‘windsock’ effect in the magnetotail (e.g. Fairfield, 1980; Hammond et al., 1994; Xiao et al., 2016). To do this, we calculate the average direction of the flow over the preceding 30 min at all times and rotate the GSM X-axis accordingly; this is a sufficient period of time to capture the displacement at the downtail distances considered in our study. As well as allowing for easier analysis, the use of AGSM facilitates direct comparison to studies such as the above.
To examine the behaviour of the magnetotail in response to changes in the IMF, we take slices in the Y-Z plane at a fixed downtail distance. We choose XAGSM = −30 RE initially since this captures both open and closed field depending on the strength of driving (being tailward of the nightside reconnection line during the peak of the storm), with generally strong lobe field hence an intense current sheet. We take a 10 min sliding mean of the magnetic field in the tail (based on three timesteps each 5 min apart) across the whole simulation, which averages-out smaller disturbances to the current sheet making it easier to identify. Figure 3 shows the resulting Bx in the tail over time, as well as the current sheet indicated by the green line and defined as the Bx = 0 contour. Red regions indicate field directed sunward in the northern lobe, and blue indicates anti-sunward field in the southern lobe. The increasing field strength over time demonstrates the loading of open flux in the magnetotail, until the final two panels at 10:00 UT and 12:00 UT which are 1 and 3 h after the IMF has turned northward, respectively. Whilst the reduced flaring in the tail at 10:00 UT demonstrates that the effects of the IMF switch have begun to manifest, the lobe field still remains relatively strong suggesting a delay of [image: image]1 h for nightside reconnection to close remaining open flux.
[image: Figure 3]FIGURE 3 | Slices (A–J) of the magnetotail at XAGSM = −30 RE showing the lobe field strength Bx over time in 2 h intervals and averaged over a 10 min sliding window. The location of the magnetotail current sheet is shown by the green lines, with the dotted line indicating the AGSM equator.
The variation in the orientation of the current sheet clearly demonstrates the twisting of the magnetotail, which at most times is in a clockwise sense. At 08:00 UT the central portion of the current sheet shows anti-clockwise rotation due to the reversal from negative to positive IMF By just prior to 06:00 UT (at which time the current sheet does not yet appear to be affected), despite the IMF By switching back to negative after 07:00 UT. This suggests a significant delay of [image: image] 1 h for the reversal to fully influence the tail. Nonetheless, the outer portions of the current sheet at 08:00 UT do appear to be reconfigured in the sense of negative By, suggesting a faster response timescale nearer to the magnetopause and hence an incoherent response between the outer and the inner (central) magnetotail (as shown by Walker et al. (1999)).
The current sheet is notably less twisted for periods when the tail Bx is strongest under southward IMF, suggesting a stronger twisting under northward IMF (visible from 10:00 UT onwards). During the earlier and later timestamps, there is a clear offset and hinging of the current sheet towards positive ZAGSM (above the dotted line), as expected due to the positive dipole tilt angle which is maximal at around 17:00 UT. The hinging is less apparent when the lobe Bx is strongest around 04:00–06:00 UT, though it is difficult to discern whether this is due to enhanced lobe pressure (and tail reconnection) or due to the tilt angle being near its minimum at this time (see Figure 4C).
[image: Figure 4]FIGURE 4 | Results of the current sheet fitting at XAGSM = −30 RE, showing (A) the rotation angle θCS (blue line) and (C) the hinging parameter hCS (red line) over time, with the shading indicating the uncertainty in the parabolic fit. The variation in (A) the IMF By and (C) the dipole tilt angle μ is indicated by the grey curves to aid with analysis, with extreme values indicated. The colour blocks beneath the time axis of panel (A) indicate intervals when the IMF Bz is positive (red) or negative (green). The correlation coefficient is shown (B,D) for each timelag of the IMF variables, with statistically significant results indicated in red and green for 2-σ and 3-σ significance, respectively.
3.3 Current sheet fitting and IMF cross-correlation
To investigate the twisting of the current sheet in more detail, we first identify its location in 5 min intervals at XAGSM = −30 RE over the duration of the event, using the method described above with a 10 min sliding window. The twisting of the current sheet due to changes in By is difficult to quantify given its complex time-dependent shape and extent. Therefore, only the portion in the range of |YAGSM| < 15 RE is sampled, so as to accommodate the changing size of the magnetotail and to avoid smearing differing response timescales between the central (small |YAGSM|) and outer (large |YAGSM|) current sheet. This is also motivated by the fact that the central current sheet divides the regions of strongest lobe field, and represents the region most important for nightside reconnection and the asymmetries which manifest in ionospheric coupling.
As we have established, the morphology of the current sheet can be considered a combination of separate effects: these include the twisting due to the IMF By, the hinging due to the dipole tilt, and disturbances due to time-dependent tail reconnection (e.g. at 00:00 UT in Figure 3D), all of which may influence the current sheet incoherently at different Y-positions. In order to extract the first two effects, we fit a second-order polynomial to the current sheet coordinates (YCS, ZCS) of the form:
[image: image]
for some ‘rotation’ angle θCS and ‘hinging’ parameter hCS. The latter is simply the displacement of the current sheet from the AGSM equator as inferred at YAGSM = 0 (for a given XAGSM), and is distinct from the ‘hinging distance’ which is defined in specific current sheet models as the distance between the hinging point and the Earth (e.g., Fairfield, 1980; Hammond et al., 1994; Tsyganenko and Fairfield, 2004; Tsyganenko et al., 2015). The uncertainty in the fitting is found from the root-mean squared (RMS) error, which represents the deviation from an idealised, parabolic current sheet, from which we determine the error in both θCS and hCS. The choice of a simplistic parabolic fit differs from these elliptical models which have performed well at capturing the average current sheet configuration based on large observational datasets (see Xiao et al., 2016 and references therein). However, the time-dependent behaviour of the magnetotail in this case study, combined with the large (and varying) tilt angle, mean a more complex fit is unlikely to provide much benefit and would require more free parameters. Instead, a parabolic fit allows us to effectively deduce the response timescales of the parameters of interest.
The fitting is repeated for each sampled timestep to produce a time-series in the current sheet parameters. We then perform a Pearson cross-correlation of these against time-lagged solar wind parameters to determine the timelag yielding the strongest correlation, representing the characteristic response time. This same approach has been used to deduce equivalent response timescales in the ionospheric FAC and ground magnetic field (Shore et al., 2019; Coxon et al., 2019). We make two assumptions in conducting our cross-correlation analysis: firstly that the rotation depends only on IMF By, and secondly that the hinging depends on the amount of magnetic pressure exerted on the current sheet by the lobes, which increases with the dayside reconnection rate ΦD. For example, Tsyganenko and Fairfield, (2004) found that under southward IMF conditions the current sheet was more rigidly fixed into a tilted configuration than under northward IMF and hence was more deflected in ZGSM. Specifically, this means we cross-correlate θCS with IMF By (in GSM) and hCS with ΦD, the latter as shown in Figure 2A. Periods where the error in each fitted parameter is greater indicate where the current sheet is actively reconfiguring, e.g., during an IMF By reversal. Figure 4 shows these parameters over time, and the results of the cross-correlation.
At the start of the simulation period θCS is weakly negative, such that the current sheet is rotated slightly clockwise, and then shows some variability after the shock arrival at 18:00 UT on 3 May. The IMF By decreases to a minimum around 20:00 UT, before briefly switching to zero around 21:00 UT but then remaining negative. Meanwhile θCS reaches a minimum just before 21:00 UT, but then gradually increases over several hours into an untwisted state (θCS ∼ 0°) in which there is much higher RMS error. This reflects the fact that the current sheet is more disturbed during this period due to reconnection in the tail, as evident in Figure 3D. This weak rotation despite negative IMF By suggests that active nightside reconnection tends to reduce the asymmetry, in agreement with Ohma et al. (2021). For the following several hours until 05:00 UT there is relatively little variability in IMF By, which remains negative. Correspondingly, θCS remains mostly negative but shows more variability than IMF By suggesting time-dependent nightside reconnection is important in determining the extent of the twisting in the tail.
The sharp IMF By reversal around 06:00 UT results in a strong twisting of the current sheet in the opposite direction, with θCS showing a pronounced increase. However this effect is not seen until around 07:00 UT, and θCS only reaches its maximum value of ∼ 12° at 08:00 UT, more than an hour after the IMF By turns negative again. This delay of 1–2 h is indicative of global convection controlling the response. Note that the sharp dynamic pressure decrease which occurs simultaneously to the reversal in IMF By (just prior to 06:00 UT, see Figure 1C) results in an expansion of the magnetosphere which will reduce the pressure in the lobes. However this effect occurs over timescales of minutes, communicated by fast mode waves (e.g., Andreeova et al., 2011; Ozturk et al., 2019), and there is relatively little variation in θCS during the subsequent hour. Therefore whilst the reduced dynamic pressure may affect the extent of the twisting in the tail, which can not easily be separated from direct effects of IMF By, the much larger response after 07:00 UT is specific to the By reversal.
The switch to predominantly northward IMF at ∼ 09:00 UT results in a far stronger twisting in the tail, with θCS reaching a minimum of ∼ − 23° around 09:30 UT. However, this is only 30 min after the IMF By reaches its minimum value at 09:00 UT, suggesting a faster response timescale than under southward IMF conditions. The IMF By then becomes less negative and more variable for the remainder of the simulation, which is also reflected in θCS with the current sheet appearing more disturbed. Another IMF By decrease around 13:30 UT also causes a negative twisting around 14:00 UT, again suggesting a 30 min response under these conditions.
Based on these results there appears to be a bimodal response in the twisting of the current sheet, depending on the strength of driving. However, this is not clearly reflected in the results of the Pearson cross-correlation with the strongest response being over a wide range of timelags from 1–2 h, more consistent with the longer convection timescale under southward IMF. The peak timelag is around 100 min, but this has a fairly weak correlation of ∼ 0.3. However, since the bimodal behaviour throughout the full simulation period may be smearing the overall correlations (which will be highly sensitive to the response to the By reversal), the different periods of driving should be separated to infer the true timescales. This would further reveal if a longer timescale response under northward IMF (as per Browett et al., 2017) is also present, especially further downtail, which we will return to later.
Before proceeding we also briefly discuss the behaviour of the hinging parameter hCS during the simulation. This broadly tracks the variation in the dipole tilt angle, being largest at the start and end of the simulation and reaching a minimum value shortly after the tilt angle is minimal around 05:00 UT. Aside from this there is no particularly clear trend in the response during the most strongly driven period, except for a sharp increase at shock arrival near 18:00 UT on 3 May, with the response being relatively flat during the first few hours of 4 May when FPC is fairly steady (see Figure 2B). Towards the end of the simulation when the driving is weaker the hinging is much more variable and hCS reaches much larger values (albeit with large uncertainty). The correlations with ΦD are consistently negative with 3-σ significance, indicating smaller deflection in Z for southward IMF, which disagrees with the findings of Tsyganenko and Fairfield, (2004). However we note that the 15 h period of strongest dayside coupling also contained most of the 12 h period during which the tilt angle was actively decreasing, which will introduce some bias to the correlations. Regardless, the peak timelag is around 80 min - similar to the 100 min timelag in θCS - and consistent with the delay for open flux to be accumulated in the tail.
3.4 Response timescales vs. downtail distance
To infer whether this behaviour is sensitive to our choice of downtail distance, we repeat the analysis at a series of slices from XAGSM = −15 RE to −70 RE in steps of 5 RE. Note that observations have also shown IMF By signatures within the inner magnetosphere at distances of less than 7 RE (Case et al., 2021), but we limit our analysis only to where the tail field is less dipolar and the current sheet is more twisted. Whilst we also expect twisting further downtail than this range, at such distances the current sheet cannot be as reliably located, in part due to significant aberration of the tail. The result of our current sheet identification is shown for two example timestamps in Figure 5. Note the slices at XAGSM = −15 RE lie just Earthward of the main reconnection line at these times, with the remainder being tailward. The black curve represents the result of the polynomial fitting using equation 3, which performs well where the current sheet has a simple geometry (as at 12:00 UT, bottom row), but results in more error during times of reconfiguration when the current sheet is more disturbed (as at 08:00 UT, top row). This error appears greater further downtail where the Bx = 0 contour is less smooth and the current sheet is significantly more warped. It is clear that the twisting is much stronger further downtail, in agreement with previous studies (Walker et al., 1999; Tsyganenko and Fairfield, 2004). Nonetheless, the sense of the orientation is well-preserved with distance; this suggests a similar twisting timescale in both the near-Earth and middle magnetotail. At 08:00 UT the current sheet is actively reconfiguring in each slice, with the central current sheet rotated oppositely to the outer current sheet. However, our truncation within YAGSM = ± 15 RE is effective at isolating the timescales of the former. Conversely, the current sheet is more uniform at 12:00 UT, being most strongly twisted at XAGSM = −55 RE due to the reduced lobe field strength.
[image: Figure 5]FIGURE 5 | Slices of the magnetotail at increasing downtail distances at (A–E) 08:00 UT and (F–J) 12:00 UT on 4 May, showing the lobe field strength Bx over time in 2 h intervals and averaged over a 10 min sliding window. The location of the magnetotail current sheet is shown by the green lines, with the result of the parabolic fitting via Eq. 3 shown by the black curves.
To separate the responses under predominantly southward and northward IMF conditions, we now split our analysis into two distinct periods. To focus on conditions during strong solar wind driving, we select a 15 h window spanning from 18:00 UT on 3 May to 09:00 UT on 4 May. During this time ΦD remains high throughout, resulting in large open flux content and a strong lobe field as evident in Figure 3. For conditions during weaker driving, we select the remaining 7 h time period between 09:00 UT and 16:00 UT for which ΦD was relatively weak; whilst the IMF did occasionally turn southward during this window, this was only brief and there is unlikely to be sufficient flux opening to contaminate the key timescales. With each time-series we then perform a Pearson cross-correlation as before at every downtail distance.
The result for the predominantly southward IMF period is shown in Figure 6. In all cases there is a clear peak timelag that indicates a dominant twisting timescale. Near to the Earth at XAGSM = −15 RE this is relatively short at 40 min, but 20–50 RE downtail the response is strongest around 100 min. From XAGSM = −60 RE to −70 RE this shifts towards slightly shorter timescales, suggesting that the far magnetotail may respond more quickly than the middle and near-Earth magnetotail, presumably due to weaker lobe field. The shorter timelag 15 RE downtail is consistent with the timescales of shear flow-induced By due to MHD wave propagation (Tenfjord et al., 2015), whereas the longer timelag at other distances is consistent with the 1–2 h global convection timescale identified in the simulation. This is reflected in the broader correlation distributions in the near-Earth magnetotail suggesting both timescales are present, whereas the distributions become narrow as the shorter timescale drops off rapidly with distance. Note however that the cross-correlation will be most sensitive to the response to the sharp IMF By reversals, with convection likely proceeding faster (or slower) than 100 min in the near-Earth and middle magnetotail during some periods.
[image: Figure 6]FIGURE 6 | Correlations and timelags (A–H) of IMF By versus current sheet rotation angle θCS for multiple downtail distances under high ΦD (predominantly southward IMF) conditions. The scatter points are coloured according to statistical significance as in Figure 4.
For the predominantly northward IMF period the results are markedly different, as shown in Figure 7. Between 15 and 40 RE downtail there is a clear bimodal response: one shorter timescale around 30 min and one much longer response around 2–3 h. The former dominates (with higher correlations) up to 40 RE beyond which it becomes weakly-correlated and is undetectable in the far magnetotail. Here the longer timescale dominates and becomes slower with distance, but with increasing correlations which even exceed that of the equivalent southward IMF timescale. This strongly supports the notion of MHD wave propagation dominating in the near-Earth magnetotail under northward IMF conditions, whereas in the middle and far magnetotail convection-driven reconfiguration controls the twisting and occurs more slowly than under southward IMF.
[image: Figure 7]FIGURE 7 | Correlations and timelags (A–H) of IMF By versus current sheet angle θCS for multiple downtail distances under low ΦD (predominantly northward IMF) conditions. The scatter points are coloured according to statistical significance as in Figure 4.
The trends described above are summarised for the full range of downtail distances in Figure 8. The mean, minimum and maximum values of θCS are determined across the entire simulation, as well as the peak correlations and timelags under predominantly southward and northward IMF conditions. We also separate out the timelags for the low ΦD period to isolate both the shorter and longer timescale response. In the interest of demonstrating the key trends, we do not discard the strongest timelag even if has less than 2-σ significance. The extent of the rotation clearly grows linearly with distance, although the minimum θCS saturates around XAGSM = −60 RE, which may be a limitation of the parabolic fitting. This trend differs from expectations of magnetotail twisting in induced magnetospheres (for which the draping of field lines should result in a current sheet normal to the IMF, e.g., DiBraccio et al., 2018), demonstrating that the dipole strongly affects the tail configuration even far from the Earth. At all distances the maximum value of θCS corresponds to the sharp IMF By reversal around 06:00 UT on 4 May; near to the Earth this is not sufficient to rotate the current sheet into a strongly positive θCS orientation, but at XAGSM = −70 RE this is as large as ∼ 40°. The largest twisting angles of ∼ -55° at 60–70 RE downtail are comparable with values of up to 50–60° reported by Owen et al. (1995).
[image: Figure 8]FIGURE 8 | Summary of results from the fitting and cross-correlation of θCS. Shown is (A) the range of values over the full simulation, (B) the peak timelags and (C) the peak correlation coefficients for both high and low ΦD separated by mode of response. Note the short timescale for low ΦD is not plotted beyond 55 RE downtail since it is not detectable here.
The peak timelag for high ΦD between 20 and 50 RE downtail is almost identical at ∼ 100 min, and as noted above appears to decrease beyond this (though is still well-correlated at 100 min). In contrast the timescales under northward IMF increase far downtail; this demonstrates that the magnetotail behaves very differently when there is large open flux content versus when it is relatively closed. The trend in the peak correlations also demonstrates that near to the Earth the current sheet is more responsive to IMF By under northward IMF than southward IMF. The high ΦD response is strongest within the mid-tail, with low ΦD correlations again higher in the far-tail over longer timescales, likely since the twisting is more prominent under these conditions. This indicates that global convection is much more effective at controlling the configuration of the middle-to-far magnetotail, and near to the Earth becomes dominated by shorter timescale effects when the system is not being strongly driven. Note the longer convection timescales found here are similar to the ∼ 2–3 h timescale found in observations of tail twisting at distances [image: image] 20 RE during weak driving (Pitkänen et al., 2016), except these are dominated by the shorter timescale in the simulation. The same observations also revealed a trend of increasing response time nearer to the Earth, opposite to that found here, though this included measurements in the inner magnetosphere which is outside the range of our analysis.
4 DISCUSSION AND CONCLUSION
In this study we have investigated the response of the magnetotail current sheet to strong, highly variable driving by the solar wind during a geomagnetic storm. The event in question hosted several key features in the IMF, including a switch in Bz from northward to southward and vice-versa, sharp reversals in By, and a prolonged ∼ 15 h period of predominantly southward IMF. This provides a particularly interesting case study for exploring the response timescales of the system, both in terms of the opening and closing of flux in the magnetosphere and the configuration of the magnetotail current sheet. By investigating the change in open flux content we find that the nightside reconnection response to dayside driving is delayed by 1–2 h when the IMF Bz switches sign, due to the gradual accumulation (or lack thereof) of open flux in the magnetotail by global convection.
The variation in flux content is reflected in the lobe magnetic field 30 RE downtail, with the event clearly separated into a period of intense lobe Bx which is sustained for several hours, and then a period of weaker lobe field once open flux is closed under northward IMF. Here the orientation of the current sheet matches the polarity of the IMF By, and clearly twists in response to an IMF By reversal which is more prompt in the outer current sheet than the central portion (|YAGSM| < 15 RE), in agreement with previous simulations with idealised driving (Walker et al., 1999). The extent of the twisting is clearly greater under northward IMF when the lobe magnetic pressure is weakest, such that during the period of most active nightside reconnection the rotation is least noticeable, consistent with observations (Owen et al., 1995; Tsyganenko and Fairfield, 2004; Xiao et al., 2016; Case et al., 2018) and simulations (Ohma et al., 2021).
By focussing on the central current sheet and fitting a parabolic profile at each timestep we have calculated a rotation/twisting angle θCS and hinging parameter hCS of the current sheet over time. We repeated this fitting for a range of downtail distances between 15 and 70 RE, revealing that θCS increases linearly with downtail distance, both in a time-averaged sense and for a more sudden response to an IMF By reversal, consistent with theoretical expectations and empirical models (e.g., Cowley, 1981; Tsyganenko and Fairfield, 2004), and reaching peak angles of rotation similar to those seen in observations (Owen et al., 1995). Focussing our analysis at 30 RE downtail, we find that the hinging generally follows the diurnal trend of the dipole tilt angle during the full 24 h period. Cross-correlation between hCS and an empirical solar wind coupling function also indicates that strong driving acts to reduce the hinging due to enhanced lobe Bx, with a peak timelag of ∼ 80 min across the entire event due to the accumulation of flux in the tail. Meanwhile, θCS responds strongly to a sharp reversal in IMF By when Bz is southward, such that the tail fully untwists into the opposite direction over a period of 1–2 h, also consistent with the timescales of global convection and the response timescale of nightside ionospheric FACs to IMF By identified by Milan et al. (2018) and Coxon et al. (2019). A cross-correlation between θCS and IMF By across the entire event reveals a peak timelag of ∼ 100 min; however, the peak correlation is low (∼ 0.3) indicating that the relationship is more complex and depends on the strength of driving.
To better understand the different modes of response we separated the cross-correlation into two separate periods: one where ΦD was greatest (predominantly southward IMF), and one where ΦD was much lower (predominantly northward IMF). This was repeated for our full range of downtail distances. We find that 20–50 RE downtail the θCS global convection timescale of ∼ 100 min does indeed dominate when ΦD is highest, and is more strongly correlated with IMF By ([image: image] at 30 RE) than over the entire event. This timelag decreases slightly in the far tail, whereas nearer the Earth at 15 RE a much shorter timescale of ∼ 40 min dominates. For times when ΦD is lowest, there instead appear two distinct timescales in the twisting: one around 30 min and a much longer timescale of 2–3 h. The former is consistent with the timescales previously associated with induced By due to MHD wave propagation (Tenfjord et al.,2015; Tenfjord et al., 2017; Tenfjord et al., 2018), and is dominant between 15 and 40 RE downtail where it is very strongly correlated to IMF By (up to ∼ 0.8) and shows little dependence on downtail distance, in agreement with observations by Case et al. (2018). Beyond 40 RE the longer timescale dominates, consistent with Browett et al. (2017) and Rong et al. (2010), and is slower and more strongly correlated (up to ∼ 0.7) further downtail.
The characteristic timescales of the current sheet twisting are summarised in Table 1. Note that since we are fitting simultaneously to a wide portion of the current sheet, our best-correlated ‘response’ will be slower than the initial response of the localised tail By which then reconfigures gradually (see Tenfjord et al., 2017). These timescales will also not always be fixed at the peak timelags identified; for example, convection likely proceeds fastest during the peak of the storm. Overall, our results show that whilst shear flow-induced By is important in controlling asymmetries in the near-Earth magnetotail, the current sheet response appears to be dominated by global convection effects during stronger driving conditions and in general further downtail, such that its role in nightside ionospheric coupling may be less important. Indeed, longer convection timescales of up to 3–4 h during northward IMF can explain observed delays in the response to IMF By in nightside ionospheric FAC (Milan et al., 2018; Coxon et al., 2019) and the formation of auroral arcs (Fear and Milan, 2012; Milan et al., 2005) which have been linked to magnetotail twisting in previous simulations (Kullen and Janhunen, 2004).
TABLE 1 | Summary of different response timescales of the magnetotail current sheet twisting to IMF By during the simulated storm, separated by region of the magnetotail (with downtail distance indicated) and strength of solar wind coupling ΦD. These values are inferred from Figure 8.
[image: Table 1]Finally, we note some caveats and key points for future work. Whilst our approach isolated the response of the central current sheet for |YAGSM| < 15 RE, the faster outer current sheet response was not captured. An extension of this study could be to deduce the difference in timelag as a function of distance from the X-axis, though this is non-trivial given the complex changes in shape and size of the magnetotail. Our methodology could also be applied to multiple different events to determine how timescales differ for more or less extreme solar wind conditions, and for particular configurations of the magnetosphere with different seasonal tilt angle, such as around equinox. As mentioned in the introduction, various non-MHD effects not captured in the simulation can influence the tail configuration and therefore may be important in determining the timescales of response. For example, smaller-scale flapping motions in the current sheet may affect the extent of the twisting, whilst kinetic effects can control the loading-unloading and thus the large-scale tail dynamics (e.g., Zhang et al., 2020; Kuznetsova et al., 2007). In addition, the inclusion of a ring current in the inner magnetosphere might influence the transport of flux returning to the dayside and thus the length of the Dungey cycle. Future simulation studies incorporating these effects can elucidate whether they play a significant role in determining the global response of the current sheet.
As discussed in Section 2.2, it may be that other global MHD models (such as those used by Walker et al., 1999; Kullen and Janhunen, 2004, Tenfjord et al., 2015) would predict slightly different response timescales than the Gorgon model, for example in shear flow-induced By due to different transit times of MHD waves dependent on the density and field strength (and thus Alfvén speed) in the magnetosphere. However, whilst we do not expect the timescales identified here to match perfectly with reality, the physical interpretations remain the same. A further question is in relating these timescales to those seen in the ionospheric response. A subsequent study will investigate this within our simulation, and compare to observations of the FAC and ground magnetic field timescales to more directly link the magnetospheric and ionospheric asymmetries.
In summary, by simulating the system during highly variable conditions we have identified multiple different modes of magnetotail response. Whilst previous work has disagreed over whether changes in the IMF can be communicated into the system over tens of minutes or over hours, our results instead suggest that both timescales of response can occur, which resolves this apparent disparity in the literature. Changes in the tail morphology due to loading and anti-sunward transport of open flux during southward IMF arise predominantly over convection timescales, and more exaggerated responses under northward IMF occur at both shorter and longer timescales corresponding to wave propagation and the gradual advection of field lines, respectively. Overall, our results have important implications for the understanding of the characteristic timescales over which asymmetries develop in the magnetosphere-ionosphere system and influence space weather.
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