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Abstract
A statistical study using a large dataset of Super Dual Auroral Radar Network (SuperDARN) observations is conducted for transient ionospheric plasma flows associated with sudden impulses (SI) recorded on ground magnetic field. The global structure of twin vortex-like ionospheric flows is found to be consistent with the twin vortices of ionospheric Hall current deduced by the past geomagnetic field observations. An interesting feature, which is focused on in this study, is that the flow structures show a dawn-dusk asymmetry depending on the combination of the polarity of SI and interplanetary magnetic field (IMF)-By. Detailed statistics of the SuperDARN observations reveal that the dawn-dusk asymmetry of flow vortices due to IMF-By appears during negative SIs, while such asymmetric characteristics are not seen during positive SIs. On the basis of the upstream observations, we suggest that this particular dawn-dusk asymmetry is caused by the interaction between the pre-existing round convection cell and a pair of the transient convection vortices associated with SIs.
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Introduction
Sudden impulse (SI) is a rapid increase or decrease in intensity of a geomagnetic field recorded almost simultaneously by the world-wide network of magnetic observatories and typically lasts for a few tens of minutes (Araki 1977). Such geomagnetic variations are caused mainly by interplanetary shocks and tangential discontinuities propagating in the solar wind (Chao and Lepping 1974). Both stepwise increases and decreases of the geomagnetic field are often observed globally (Nishida and Jacobs 1962a; Nishida and Jacobs 1962b) and are referred to as positive sudden impulses (positive SIs) and negative sudden impulses (negative SIs), respectively. They are thought to correspond to global compressions or expansions of the magnetosphere induced by abrupt changes in the solar wind dynamic pressure (P
                        SW) (Wilken et al. 1982; Tsurutani et al. 1995).
The global characteristics of ground magnetograms have been extensively investigated by the past studies. Araki (1994) developed a physics-based model of the disturbance field associated with an SI based on a synthesis of the extensive observational results from ground magnetometers and the theoretical consideration for propagation of hydromagnetic waves in the magnetosphere-ionosphere-coupled system (Tamao 1964a; Tamao 1964b). One of the important aspects of this model is that geomagnetic disturbances associated with an SI consist of two basic components appearing primarily at low latitudes (DL) and in the polar region (DP). The former component is attributed to contributions from variations in the Chapman-Ferraro current along the magnetopause, while the latter comes mainly from the twin vortex Hall current induced in the ionosphere. In addition to the spatial structure, a two-phase perturbation with a preliminary impulse (PI) and the subsequent main part of an SI, referred to as main impulse (MI), are interpreted as an alternate evolution of the twin vortex current systems of opposite polarity.
Besides the geomagnetic field observations, the Super Dual Auroral Radar Network (SuperDARN) (Greenwald et al. 1995) has played an important role in the measurement of the two-dimensional structure of ionospheric convection associated with SIs (Lyatsky et al. 1999; Thorolfsson et al. 2001; Vontrat-Reberac et al. 2002; Coco et al. 2008; Huang et al. 2008; Kane and Makarevich 2010; Liu et al. 2011; Gillies et al. 2012; Hori et al. 2012). A conclusion from these studies with the radar observations is that changes in flow direction and the polarity of flow shear are consistent with a PI-MI sequence on ground magnetograms described by the SC model proposed by Araki (1977, 1994). The same characteristics have been confirmed further by examining not only simple flow directions but also the polarity of ionospheric flow shear corresponding to the dusk cell of the twin vortex current system (Liu et al. 2011; Hori et al. 2012).
Although the radar observations give flow patterns consistent with the ground magnetic field perturbation, their observations in the past studies have been performed for spatially limited areas due to limited number of radars available for their analyses. Recent growth of the radar network (Lester 2014), however, paves the way to study the large-scale profile of SI-induced ionospheric flow perturbation solely based on the SuperDARN measurement. A great advantage of using the radar observation is that observed flow velocities are not biased by the non-uniformity of ionospheric conductance. The purpose of the present study is to examine global structure of ionospheric flow perturbation associated with SIs by using SuperDARN observations. In particular, we focus on dependence of SI-induced flows on the By component of interplanetary magnetic field (IMF), which has not been fully investigated by the past studies using geomagnetic field observations.

Data and method
In the present study, we statistically analyze horizontal ionospheric flows observed by SuperDARN radars during SI periods. First, potential SI events were picked up by identifying particular SYM-H variations with the following criteria: (1) |∆SYM-H| > 5 nT; (2) |dSYM-H/dt| > 0.025 nT/s (~15 nT/10 s); (3) |dSYM-H/dt| < 0.015 nT/s during preceding 40 min; and (4) SYM-H > −40 nT, AE < 200 nT. As done in the previous studies (e.g., Shinbori et al. 2012), we used the SYM-H index to identify SI because its nature of averaged low-latitude geomagnetic variations is suitable to capture rapid changes of the magnetopause current causing a SI. Criteria (1), (2), and (3) were set to identify well-defined SI events with significant amplitude and rapid change in SYM-H following fairly steady periods. Criterion (4) was set to limit the present analysis to clear SI events during geomagnetically quiet periods not to mistakenly pick up random, highly variable periods of SYM-H during disturbed conditions as SI events. For all of them, we visually inspected the solar wind data obtained by the ACE spacecraft to check if each of the potential SI events was associated with a rapid rise or drop of the solar wind dynamic pressure (P
                        SW), considering the solar wind transit time from the ACE location to the Earth. This selection procedure results in 192 positive SI events and 179 negative SI events during March 2007–August 2014. For each SI event, we define the SI onset time (t
                        s) and rise time (T
                        rise) as schematically shown in Fig. 1. Further, the SI peak interval (T
                        peak-SI) and the pre-SI interval (T
                        pre-SI) are defined to be time periods of [t
                        s + 2 × T
                        rise/3, t
                        s + 4 × T
                        rise/3] and [ts–10 min, ts–4 min], respectively.[image: A40623_2015_360_Fig1_HTML.gif]
Fig. 1A schematic of the definition of SI onset time, rise time, and SI peak period and pre-SI period




                     
All SuperDARN radar data available in the northern hemisphere are collected for the selected SI events. To examine ionospheric flow perturbation associated with SIs, we use only ionospheric backscatter data by excluding the ground scatter data with empirical criteria proposed by Sundeen et al. (2004). We calculated the average line-of-sight Doppler velocity (LOSV) at each location in the field of view of each radar, over T
                        pre-SI and T
                        peak-SI, respectively, for each SI event. The obtained average LOSV values are sorted into 3 degrees in magnetic latitude (MLAT) × 2 h in magnetic local time (MLT) bins in the Altitude-Adjusted Corrected Geomagnetic (AACGM) coordinates (Baker and Wing 1989), as shown by red meshes in the upper panel of Fig. 2.[image: A40623_2015_360_Fig2_HTML.gif]
Fig. 2(upper) Latitude (MLAT)-magnetic local time (MLT) binning by which the observed Doppler velocities are sorted. (bottom) An example of the beam-swinging technique applied for a MLAT-MLT bin




                     
The beam-swinging technique (Makarevich and Dyson 2008) is applied for each bin to deduce a two-dimensional flow vector. This method has originally been used by Ruohoniemi and Greenwald (1996) (see Figure 1 in their paper) to statistically deduce the average high-latitude convection map from SuperDARN LOSV observations. Here, let us briefly explain how this method works. If ideally all LOSV measurements made for different beam directions scanned by various radars in a MLAT-MLT bin were their line-of-sight components of a single true flow vector, the LOSV value should be zero when the beam direction is exactly perpendicular to the true flow vector and the sign of LOSV flips across such an angle normal to the true flow. That is,[image: $$ {V}_{\mathrm{LOS}}={V}_{\mathrm{true}} \cos \left({\theta}_{\mathrm{bm}}-{\theta}_{\mathrm{true}}\right), $$]

 (1)


                     
where V
                        LOS and θ
                        bm are the LOSV value and beam direction, respectively, and V
                        true and θ
                        true are the flow magnitude and direction of the true flow velocity, respectively. Although the true flow vector varies from event to event in reality, the average true flow angle can be determined statistically by searching for θ
                        bm giving a zero LOSV.
Particularly in the present study, the residual LOSV values (dLOSV) deduced by subtracting an average LOSV before SI from that during SI for each bin are put in the above statistical procedure to obtain a flow perturbation vector, because the flow change upon SI is to be examined. Here, all dLOSV vectors for each bin are plotted separately on a dLOSV −cosine of the beam direction plane, and the intercept of the cos(θ
                        bm) axis of a linear fitting line for the data points gives you the normal direction of a true two-dimensional flow perturbation vector and readily θ
                        true by rotating by 90°. The magnitude of the flow perturbation vector is also obtained as a dLOSV value at θ
                        bm = θ
                        true along the fitting line. For example, the bottom panel of Fig. 2 demonstrates the fitting result for the bin of 73° < MLAT < 76° and 16 h < MLT < 18 h of positive SIs. The resultant θ
                        true is −16.9°, and flow perturbation magnitude is 253.2 m/s. Here, the notation of θ
                        true is the angle in the anticlockwise direction from the longitudinally eastward vector. Thus, the resultant flow perturbation is 253.2 m/s and points roughly eastward with a small equatorward component. We applied these procedures for every bin and deduced the average pattern of flow perturbation induced by SIs.

Results
The flow perturbation associated with positive SIs and negative SIs is deduced as described in the previous section and shown in the top two panels and bottom two panels, respectively, of Fig. 3. In addition to the SI polarity, we have divided the dataset into the positive IMF-By (left panels) and negative IMF-By cases (right panels) to examine dependence of the flow perturbation on the IMF-By polarity. Here, the positive and negative IMF-By cases are based on particular SI events during which average IMF-By values for 30 min before and after a jump in solar wind dynamic pressure are either positive or negative. In Fig. 3, white arrows are the fitted two-dimensional flow vectors, and the color of each bin represents their flow magnitude. There are two types of colors for the bins: green-blue and red-yellow mean that fitted velocities have an eastward or westward component, respectively.[image: A40623_2015_360_Fig3_HTML.gif]
Fig. 3Flow perturbation associated with SIs. The left panels are for IMF-By > 0 and the right panels are for IMF-By < 0. The upper two panels are for positive SIs and the bottom two panels are negative SIs




                     
It is seen in the top two panels of Fig. 3 that the higher latitude (roughly MLAT > ~70°–73° depending on MLT) flows go anti-sunward, and the lower-latitude flows go sunward for positive SIs, roughly forming twin flow vortices with the same polarity as nominal global convection. On the contrary, the polarity of twin flow vortices is opposite for negative SIs with a boundary of sunward and anti-sunward flows at MLAT ~ 60°–70° depending on MLT as seen in the bottom two panels. The lower latitude, anti-sunward flow is mostly weak and can barely be identified in a small number of bins, such as MLAT < 70° and 4 h < MLT < 8 h and MLAT < 61° and 18 h < MLT < 20 h. These polarities of flow vortices are basically consistent with the Hall current vortices of MI phase associated with a positive SI and negative SI (Araki and Nagano 1988; Araki 1994; Vichare et al. 2014).
An interesting result from Fig. 3 is that the profile of higher-latitude sunward flows for negative SIs is significantly different between positive and negative IMF-By. For example, as seen from the bins of ~70° < MLAT < 80° and 2 h < MLT < 10 h on the dawn side, the sunward flow is stronger on average and identified in more bins for IMF-By < 0 than for IMF-By > 0. On the other hand, the dusk side sunward flow is distributed in a much broader area (64° < MLAT < 80° and 14 h < MLT < 22 h) for IMF-By > 0 as compared with the same area for IMF-By < 0. As a result, the sunward flow during negative SIs shows a dawn-dusk asymmetry in flow intensity and spatial distribution with the side of more intense sunward flow reversed depending on the IMF-By polarity. In contrast, such a tendency is hardly seen for positive SIs. Although the spatial profile of higher-latitude anti-sunward flow is more or less complicated, the relative intensity of anti-sunward flow between dawn and dusk does not seem to change much with the IMF-By polarity. Therefore, to explain the exclusive occurrence of IMF-By-dependent dawn-dusk asymmetry under negative SIs, there must be some mechanisms causing this that are activated only during negative SIs. We discuss some possible scenarios for it in the following section.

Discussion
The present statistics of SuperDARN data have shown that the ionospheric flow perturbation associated with positive SIs does not show a significant difference between positive and negative IMF-By polarities, while that with negative SIs has a clear dawn-dusk asymmetry, depending on IMF-By polarity. To our best knowledge, the present study is the first ever report showing such IMF-By dependence of SI-associated large-scale flow perturbation in the polar ionosphere.
There may be two possibilities causing this flow asymmetry. One is that a pair of flow vortices in association with negative SIs (Fujita et al. 2004; Fujita et al. 2012) somehow has a dawn-dusk asymmetry in flow intensity. Another possibility would be that the pre-existing round cell induced by the interaction between IMF-By and the magnetosphere (e.g., Weimer 1995; Tanaka 1999) changes its flow magnitude after SI onset. Let us discuss them in more detail below.
In Fig. 4, the superposition of the two flow components during negative SIs for these two hypotheses is schematically illustrated as case A and case B, respectively. For comparison, case C with a constant round cell and symmetric flow vortices is also shown only for the left-hand panel. For the positive IMF-By case shown on the left, for example, the clockwise round cell (thick blue arrow on the top) dominates the polar ionospheric convection before SIs, and then a pair of transient SI convection vortices (light blue arrows, referred to as SI cell in the figure) are added to it during negative SIs. As a result, the higher-latitude portion of the dusk vortex and the pre-existing round cell flow gives an enhanced sunward flow in total, as marked by orange dashed circles in Fig. 4. The polarity of the round cell is reversed for the negative IMF-By case, leading to the enhancement of the higher-latitude sunward flow on the dawn side, as shown on the right-hand panel.[image: A40623_2015_360_Fig4_HTML.gif]
Fig. 4Superposition of flows due to the pre-existing round cell and SI-induced twin vortices in the course of SI




                     
Note, however, that the flow perturbation deduced by the present analysis is the difference between the pre-SI convection and the total convection during SIs, not the flow pattern during SI itself. That is, the flow perturbation shown in Fig. 3 corresponds to a subtraction of the flow pattern on the top panels from that on the bottom panels in Fig. 4. Thus, one can expect naturally that the subtracted flow pattern should be a simple pair of symmetric vortices, if we assume that the round cell does not vary significantly between before and during SIs and the dawn-dusk symmetric vortices induced upon SIs, as illustrated by case C. Conversely, the fact that the residual flow pattern shows a dawn-dusk asymmetric enhancement of the higher-latitude sunward flow implies that either assumption of the symmetry of vortices or the constant round cell could break for negative SIs, as illustrated by cases A and B, respectively. In case A, the dusk (dawn) side SI cell becomes stronger, resulting in an enhancement of residual sunward flow on the dusk (dawn) side for positive (negative) IMF-By conditions. In case B, the round cell faster than its pre-SI level results in an enhanced sunward flow on dusk and reduced flow on dawn in the residual flow pattern for positive IMF-By cases, and vice versa for negative IMF-By. The dawn-dusk polarity of the enhancement of residual sunward flow is consistent with the negative SI results shown in Fig. 3. Therefore, both hypotheses could explain the observed asymmetry for negative SIs.
It is hard to prove or deny either of the two hypotheses solely by the present ionospheric observations. However, the SI-induced twin vortex-shaped convection cell reproduced by global MHD simulations for both positive SI (e.g., Samsonov and Sibeck 2013) and negative SI (e.g., Fujita et al. 2004) seems to be fairly symmetric in the dawn-dusk direction. In particular, the latter result obtained by Fujita et al. (2004) resulted from a simulation under a finite IMF-By condition. Thus, these global MHD simulations suggest that case A may not be likely to occur, at least, from a theoretical point of view.
If case B was likely to cause the residual flow asymmetry during negative SIs, the pre-existing round cell should be enhanced during negative SIs than the pre-SI level. Since the round cell flow is driven by IMF-By, this case would imply that IMF-By becomes larger upon negative SIs. To test this hypothesis, we examine the IMF-By change across the jumps in solar wind dynamic pressure for the positive and negative IMF-By cases, again by separating the dataset into the positive and negative SIs. In Fig. 5, we plot the 30-min average IMF-By values after each SI onset against the 30-min averages of IMF-By just before SI onset for positive SI events (panel a) and negative SI events (panel b). Each point corresponds to each SI event. Black and red points represent those for positive and negative IMF-By events, respectively. As seen in Fig. 5, the results are clearly consistent with our expectation. Although the points are scattered much, the positive P
                        SW jumps are accompanied by increases and decreases of IMF-By intensity with roughly the same probability for positive SIs as shown by Fig. 5a, while the negative P
                        SW jumps, causing negative SIs, bring along |IMF-By| increases with significantly better chance as evident from Fig. 5b. Therefore, the dawn-dusk asymmetry of flow perturbation associated with negative SIs can be attributed, at least, qualitatively to the enhancement of the pre-existing round convection cell as proposed in case B. On the contrary, the positive SI result, giving a similar residual flow pattern for both positive and negative IMF conditions, implies that case C would be the case for positive SIs, because the constant round cell in flow intensity is expected on average from the result of Fig. 5a.[image: A40623_2015_360_Fig5_HTML.gif]
Fig. 5IMF-By changes between before and during a positive SIs and b negative SIs, respectively. Black and red points represent positive and negative IMF-By events, respectively




                     
So far we do not have a clear answer for the reason why P
                        SW drops are preferentially accompanied by the IMF-By intensification. A possible speculation may be drawn from the study on the cause of negative SIs conducted by Takeuchi et al. (2002). Their statistics show that a negative SI often (~50 %) follows a preceding positive SI. This implies that a high-density structure of solar wind causes a positive SI first, and the subsequent low dynamic pressure wind gives rise to a negative SI. If the tailing boundary of the high-density wind is diamagnetic and the draping Parker-spiral IMF is compressed backward, it is likely to give the IMF-By field of the same polarity across the boundary with a larger By intensity behind. The similar enhancement of IMF-By could also be expected with the tangential discontinuity at the front boundary of a magnetic cloud, which actually was reported to cause a negative SI (Takeuchi et al. 2000). A detailed examination of the IMF structures across P
                        SW drops and its statistical study needs to be done to test this speculation, which is beyond the scope of the present study.

Summary and conclusion
The present study has analyzed the large dataset of SuperDARN observation to examine statistically ionospheric flow perturbation in association with SIs caused by sudden rises or drops of the solar wind dynamic pressure. It is revealed that negative SIs induce flow perturbation with a significant dawn-dusk asymmetry in flow intensity of a higher-latitude sunward flow, while such an asymmetry is not identified for positive SIs. A qualitative but likely interpretation is that the solar wind structures with abrupt drop of dynamic pressure are preferentially accompanied by an enhancement of IMF-By component. The enhanced IMF-By upon negative SIs strengthens flows of the pre-existing round cell, resulting in the apparent dawn-dusk asymmetry of flow perturbation derived as the difference in flow pattern between pre-SI and SI intervals.
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