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Key Points:
· Strong R2 currents provide robust closure for the ionospheric currents flowing from R1 system via auroral zone ionosphere. 
· MLT distribution and strength of the auroral electrojet is sensitive to the R2 currents, with weaker and broader electrojet for more equatorial R2 location.
· Simulations show close characteristics to the observed events but also suggest to consider additional factors including substorm current wedge and auroral potential drop. 



Abstract
[bookmark: _Hlk45833289]In this study, we use a parametrized model of ionospheric electrodynamics to investigate the effect of Region 2 currents' location on the development and dynamics of the auroral electrojet (AE), using real cases data as input parameters for our simulations.  We calculated the maps of equivalent ionospheric currents reproducing the events of interest, analyzed the results and compared with SuperMAG observations. The simulations have shown that strong R2 currents provide a robust closure for the ionospheric currents flowing from R1 via auroral zone ionosphere. We found that the highest magnitude westward auroral electrojet is in the day-to-dawn sector, while the equivalent ionospheric currents on the night-side have much lower magnitude. We suggest that the location of the R2 currents affects the entire distribution of ionospheric currents, changing the MLT location and magnitude of the maximum auroral electrojet. As the distance between the location of the maxima for the R1 and R2 current systems increases, the magnitude of the ionospheric currents decreases because the ionospheric currents spread over larger regions at low latitudes. When R2 currents cannot provide the proper closure, the ionospheric currents flow from the dawn to dusk over the night-side ionosphere, leading to the westward auroral electrojet development in the night region of the auroral zone. We analyzed features and magnitude of these currents and compared with observations. 
Plain Language Summary
Solar wind is a stream of charged particles flowing from the Sun in all directions. When they reach planets with magnetic fields, like our Earth, they interact with these magnetic fields creating magnetosphere, which is similar to a magnetic bubble around the planet. Due to the interaction between the solar wind particles and Earth’s magnetic field, a giant loop of current is formed in space that circulates between the solar wind, the magnetosphere and the Earth’s ionosphere. These currents could sometimes cause the most spectacular phenomenon, Aurora Borealis in the Northern hemisphere, and Aurora Australis in the Southern. These auroras have distinctive ring-shaped structures that form around the polar caps. These formations are called auroral ovals or auroral zones. The auroras occur in the same place where the most intense currents flow, therefore it is important to understand the interactions between current systems and their ionospheric closures. The Region 1 currents appear at the inner (high geomagnetic latitudes) boundary of the auroral oval, and Region 2 currents appear at the outer (low geomagnetic latitudes) boundary of this oval. The interactions between these Region 1 and 2 currents occurs via highly conductive auroral oval, where observations of ionospheric currents provide information about the currents closure. Using numerical simulations and comparison with the observations, we studied how the location of R2 currents affects the development and dynamics of the ionospheric currents during geomagnetic disturbances, including geomagnetic substorms.

1. Introduction
[bookmark: _Hlk45833593]The global three-dimensional magnetosphere-ionosphere current system is one of the most important phenomena in the Earth’s environment. The interaction of the solar wind and the Earth magnetosphere can generate a number of geomagnetic phenomena, e.g. reconnection of the Earth’s and interplanetary magnetic field (IMF) and hence convection of magnetic field lines, ionospheric and field aligned currents (FACs), etc. 
The magnitude of currents depends on many conditions, for example, IMF direction, currents location, ionospheric conductivity, and a few others. Some of the conditions are relatively stable, such as ionospheric conductivity due to solar illumination, for example the sunlit regions of the ionosphere have higher conductivity due to ionization by the solar light. This condition changes relatively slowly with the movement of the Earth around the Sun. 
Some other conditions may experience rapid changes, such as the ionospheric conductivity associated with auroral precipitation, the expansion and contraction of the polar cap, and the boundaries of the auroral zone [e.g., Akasofu, 1964]. 
These rapidly changing conditions are usually related to the orientation of the IMF, for example, the southward oriented IMF can reconnect with the Earth’s magnetic field. This process results in significant penetration of the solar wind into the magnetosphere, causing auroras, polar caps expansion, equatorward shifting and expanding of the auroral zones, and strong field-aligned and ionospheric currents. The Region 1 (R1) FACs, which emerge at the polar cap boundaries, also develop at the lower latitude. The secondary FAC system, so called Region 2 (R2) currents, is generated at the equatorward boundaries of the auroral zone, which correspond to the plasma sheet inner boundary; these boundaries are also expanding and drifting equatorward. These current systems have been extensively studied and described in various articles [Iijima and Potemra, 1976; Weimer, 2001; Papitashvili et al., 2002; Anderson et al., 2005, Lyatsky et al., 1974, Ganushkina et al., 2018 and references therein]. 
Over the past decade, there have been significant advances in understanding the configuration, dynamics, and drivers for various current systems of the Earth's magnetosphere (e.g., review of current systems by Ganushkina et al., 2018 and references therein). The DMSP, SWARM, Iridium, AMPERE, MMS and CLUSTER missions allow detailed analysis of the complex structure of currents, including the Region 2 currents. Ohtani et al., 2010 used DMSP data to identify R1/R2 current systems and relate their boundaries to various precipitation boundaries. It has been showed that the maximum energy flux for ion precipitation (b2i boundary) is located inside R2 currents, and hence can be used as an identifier for R2 current. Korth et al., 2014 have studied R1/R2 currents with Iridium data in order to correlate R1/R2 currents with auroral emissions obtained from TIMED data and found that the results are in agreement with Ohtani et al., 2010. During geomagnetically active times, nightside R2 system evolves as a response to substorm activity and modified by superposition with substorm current wedge (Murphy et al., 2013). Since substorms ultimately brings plasma from the tail to the ring current region, substorm current wedge can be viewed as an important link connecting R1/R2 systems during substorms (Kepko et al., 2015). An important interplay between global R1/R2 systems is established in Anderson et al., 2018. It has been found that R1 system do not fully develop without R2 currents; they intensify together first at dayside, and then at nightside after the onset of activity. 
R2 currents have been successfully modelled over the past two decades using so-called ring current models (Zheng et al., 2006 and references therein). A ring current model calculates plasma distribution in the inner magnetosphere and compute R2 currents from Vasyliunas equation (Toffoletto et al., 2003, equation 12). This approach produces large scale R2 currents, both upward and downward (Zheng et al., 2006). If interchange instability occurs in the inner magnetosphere, the model R2 system develops a characteristic pattern consisting of intermittent upward/downward currents (Sazykin et al., 2002; Buzulukova et al., 2008). 

Recent simulations with global MHD model coupled with the ring current module also demonstrate intermittent structure of R2 currents at nightside, resulting from the interaction of magnetotail bursty flows with dipole-like inner magnetosphere (Yu et al., 2017). 
In this paper, we investigate the role of R2 current system using a parametrized model of ionospheric electrodynamics, where the location of R1 and R2 current systems is a parameter, as well as the magnitude of the currents, polar boundary electric field potential and ionospheric conductivity. This simplified approach is different from the sophisticated first-principles models mentioned above. Being less computationally expensive, it nevertheless makes it possible to disentangle important physical properties of magnetospheric current systems, often hidden in the self-consistent solution.

2. Model Input and Simulation Results
In current work, we have used the previously developed model of ionospheric electrodynamics (Lyatskaya et al., 2014, 2015, 2016), hereinafter L-2015, to analyze the impact of the R2 currents location on the global magnetosphere-ionospheric current system. The model uses as an input the location and magnitude of R1, R2 field-aligned currents, the ionospheric conductivity and the polar boundary electric field potential. The model produces ionospheric currents and field-aligned currents, including interhemispheric currents flowing between the northern and southern conjugate ionospheres in the case of asymmetry of ionospheric conductivities in two hemispheres. The model described in detail in Lyatskaya et al., 2015. For the simulation, we selected the season, when the impact of interhemispheric currents would be minimal.
One of the assumptions of the model is that the potential drop along magnetic field line in the auroral region is negligible. While this assumption is not always valid, it mimics a similar assumption adopted in global MHD codes with a separate module for ionospheric electrodynamics. While we anticipate the importance of auroral potential drop, we assume that it will not change the studied effects of R2 location quantitatively. The role of auroral potential drop will be investigated in another study.
As input to the model, we used an electric potential distribution at the boundaries of the auroral zone as boundary conditions of the simulation. The potential distribution at the polar cap was taken from the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) data products [Anderson, et al. 2008a, 2014, and references therein]. AMPERE data of the field aligned currents were used for both control purposes and as a means of defining the location of the R1 and R2 currents. We adopted Hardy et al. [1987] [see also Weimer, 1999] model for ionospheric conductivity for Kp=4 and 5. The 3-hour magnetic activity index, Kp, [Bartels, 1949] is broadly used because this index reflects the large-scale features of various levels of geomagnetic activity, which generally include electric potential drop across the polar caps, ionospheric conductivity magnitudes of both types, Hall and Pedersen, and others. 
For control of simulation results and comparison with the observations, we used SuperMAG polar plots with ground magnetometers vectors, which represent equivalent ionospheric currents [Gjerloev, (2012), Waters, et al. (2015), and references therein]. 
To better understand the role of R2 currents and their effect on the entire ionosphere-magnetospheric current system, we performed several simulations with L-2015 model by choosing a simulation setup close to the selected real cases. We selected some of the cases to demonstrate the role of R2 currents in the magnetospheric substorm development. 
We also compared the observations with the result of the simulation. First, we considered a moderate substorm on April 6, 2010 around 21:10 UT. The AU and negative AL indices are shown in the Figure 1, upper panel, and the components of the interplanetary magnetic field with steady negative Bz are shown in the lower panel. The pink shade indicates a time-zone of interest around 21:10 UT, though there is a time delay between certain IMF parameters and AE indices they produce.
[bookmark: _Hlk45210552]Figure 2 shows the reconstructed electric field potential (a) and field-aligned current density (b) derived from the AMPERE data products for April, 06, 2010, 21:10 UT, and SuperMAG polar plots (c) with ground magnetometers vectors, which represent the equivalent ionospheric currents for the Northern (left) and Southern (right) hemispheres during the same period. The southern hemisphere is shown as a mirror image.  For all AMPERE, SuperMAG and L-2015 simulation polar plots, the direction toward the Sun (12 MLT) is above each plot, and toward dawn (06 MLT) is on the right. 
Equivalent ionospheric currents should not be mixed with real ionospheric currents. Ground magnetometers register magnetic variations, which are produced by two major currents systems: field-aligned currents and ionospheric currents. In the ground-based magnetometers data, we cannot separate these two effects. Therefore, for convenience, the observations could be interpreted as a result of flow of an imaginary ionospheric current system, with zero field-aligned currents. These equivalent ionospheric currents are defined as the divergence-free ionospheric current distribution, which produce the same magnetic field below the ionosphere as the original currents consisting of ionospheric and field-aligned currents [e.g., Fukushima, 1976; Kamide et al., 1981; Matsushita and Xu, 1982; Lyatsky and Maltsev, 1983; Amm and Viljanen, 1999; Weygand et al., 2012, and references therein]. These divergence-free equivalent ionospheric currents are very convenient way to represent the spatial distribution of geomagnetic disturbances under the ionosphere, and our model allows this distribution to be calculated. 
From the AMPERE images, Figure 2 (b), the R1 currents are visibly localized around 17o-18o of colatitude, while the location of weak R2 currents is around 26o. However, the same time, the SuperMAG images Figure 2 (c) show strong equivalent ionospheric currents reaching 30o colatitude of the auroral zone. Therefore, we made simulations for several different locations of R2 currents up to 30o colatitude.
[bookmark: _Hlk54453546]For the first simulation we used the parameters of the event described above. The R1 currents location is set for 18o of colatitude, the R2 currents are on 26o. The total ionospheric conductivity is defined by two major factors: solar illumination and auroral precipitation [Lyatskaya et al. 2015 and references therein], which parameters are typical for KP = 4, e.g. the maxima of Pedersen and Hall conductivities are respectively 10.0 S and 18.0 S (after Hardy et al. [1987]). The electric field potential drop for the boundary conditions was taken from the AMPERE product (MIX ionospheric solver); it changes from -30 kV at the eastern boundary of the polar cap (18 MLT) to +42 kV at the western boundary (06 MLT). It should be noted that only potential drop is taken from MIX ionospheric solver, and the total potential distribution in the auroral zones was derived from the solution of the 3-D continuity equation for the currents in both ionospheres with Hardy model of ionospheric conductivity, as described in [Lyatskaya et al. 2015]. 
[bookmark: _Hlk44688169]Figure 3 shows the electric field potential simulated with L-2015 for given boundary conditions and ionospheric conductivities in two hemispheres for the described case configuration. The calculated potential distribution is close to the results of the MIX model in the AMPERE products. Figure 4 shows the simulated equivalent ionospheric currents, for the Northern (left) and Southern (right) hemispheres for the above case. The results of the simulation are as follows: the AU index is 929 and 895 nT for the northern and southern ionospheres; the AL index is -963 and -926 nT respectively. The magnitude of the indices is very close to the observational data (Figure 1 b), where we can see that the AU index in this time frame fluctuates between 800 and 1000 nT, and the AL index fluctuates between -600 and -800 nT.
For this model setup, the simulated electric field potential distribution (Figure 3) is very close to the AMPERE potential distribution shown on Fig. 2 a, but the equivalent currents maps Fig. 4 (bottom) differ significantly from Figure 2 (c): the SuperMAG plot shows a strong equivalent ionospheric current on the night side, while the simulated equivalent ionospheric currents decrease significantly from dawn side toward the night side. The strongest simulated westward electrojet current is in the day-to-dawn sector, with the strongest simulated eastward electrojet current being in the day-to-dusk region. 
The obvious explanation for the reduction in ionospheric currents on the night side is that these currents flow across the auroral zone rather than along it. The highly conductive auroral zone of the ionosphere provides a robust connection between the R1 and R2 currents. To better understand this effect, the following simulation was performed for the same set of parameters except that the R2 current location was set to 28o colatitude. The AU indices for this simulation are 744 and 714 nT for Northern and Southern hemispheres respectively, and the AL indices are -769 and -737 nT. Increasing the distance between the location of R1 and R2 currents results in a widening of the region of the equivalent ionospheric currents and a decrease in their magnitude. Further displacement of R2 currents to a lower colatitude, e.g. 30o (Figure 5), leads to an even greater decrease in the magnitudes of the equivalent ionospheric currents, as well as in the AL and AU indices. In this case, the AU reduces to 610 and 583 nT for the Northern and Southern ionospheres respectively; AL index changes to -626 and -598 nT for the same hemispheres. Moving R2 even further away from the R1 currents results in further reducing the magnitude of the equivalent ionospheric currents. However, the ionosphere still provides a connection between the R1 and R2 currents, and the ionospheric currents in the night sector will never reach the magnitude of SuperMAG data.
There is one more scenario which produces a westward auroral electrojet in the model through the night side to bring it closer to the SuperMAG data. This is the set of parameters, for which R2 currents are absent or small in magnitude, as well their shielding effect. This scenario is supported by AMPERE data, because the R2 currents around the period of interest are low in magnitude. The absence of intense R2 current means that their shielding effect is weak. In terms of auroral electrodynamics, the shielding effect on inner boundary of the plasma sheet determines the penetration of the electric field from the auroral zone to the lower latitude. In the context of inner magnetosphere models, the shielding effect from R2 currents was studied in numerical simulation by Jaggi and Wolf [1973] and analytically estimated by Maltsev [1974]. It is also routinely reproduced in ring current simulations. It has been shown with CRCM simulations of the ring current dynamics (Fok et al., 2010), that the shielding becomes weaker in the case of dynamic magnetic field variations (see Figure 3 from Fok et al., 2010). The April 6, 2010 event is characterized by intense and continuous auroral activity, so-called HILDAA events (Tsurutani et al., 2009, Hajra et al., 2013). The continuous auroral activity is likely causing magnetic field variations in the near-earth plasma sheet, and therefore weakens the shielding with a weakened R2 current system. AMPERE data confirms that the R2 currents are weak during the event of interest, despite strong auroral activity. It is important to note that the Dstmin was equal -79 nT during the day, indicating the development of only a moderate geomagnetic storm.
When R2 currents are weak, they cannot provide closure of the ionospheric currents. This closure is provided by the auroral zone ionosphere, and under certain conditions by interhemispheric currents. This mode was discussed and simulated in [Lyatskaya, et al. 2016]; the simulation showed appearance of a strong westward auroral electrojet in the night side [Benkevich et al., 2000; Benkevich and Lyatsky, 2000; Lyatskaya et al., 2014, 2015, 2016]. However, the interhemispheric currents appear when there is a significant difference in ionospheric conductivity between hemispheres. This difference could be substantial during summer or winter season but not during spring and fall, when the two hemispheres are illuminated roughly equally, and the influence of interhemispheric currents in the above cases could be excluded. Therefore, in the next simulation setup we study the closure of the ionospheric currents without interhemispheric currents and without R2 currents.

For this simulation, we set the R1 current location and all other parameters of the simulation in the same way as in the above cases excluding only the R2 currents. The simulation showed that in absence of R2 currents, there is no closure for R1 and ionospheric currents through the equatorward boundaries of the auroral zone, therefore this closure is provided by the night side ionosphere. However, with the above parameters, the magnitude of the equivalent ionospheric current on the night side was far from observations, e.g., the AU and AL indices for the Northern and Southern ionospheres are respectively: 332, 307, -310, and -312 nT. 
[bookmark: _Hlk44748296][bookmark: _Hlk44748642]To reproduce the observed values for auroral indices, we increased the electric field potential drop across the polar cap for the simulation, from +105 kV to -75 kV. The outcome of the simulations is shown in the Figures 6 and 7. There are predictably stronger ionospheric currents and a strong westward auroral electrojet in the night sector. The AU and AL indices for the Northern and Southern ionospheres are respectively: 830, 767, -776, -779 nT. In the polar plots, we can observe that the equivalent ionospheric currents are now flowing along the auroral oval on the night side, because the closure through R2 currents is not available. 
[bookmark: _Hlk45311716]The comparison between all the above cases is shown in the Figure 7. We plotted the simulated with L-2015 horizontal component of the magnetic field that would be measured on the ground in various sectors of the magnetic local time (MLT) of the auroral zone for the cases described above. The upper (lower) magnitude of horizontal magnetic component recorded along the entire auroral oval represents the AU (AL) index. These indices (Davis and Sugiura, 1966, Tomita et al. 2011) show the disturbance level recorded by magnetometers located in the auroral zone; they  are directly related to the magnitude of equivalent ionospheric currents and therefore present a convenient and widely used form of describing the level of activity.

In the Figure 7, the positive magnetic field variation is caused by the eastward auroral electrojet, and its maximum represents the AU index for each hemisphere for this particular time. The negative magnetic field is caused by the westward auroral electrojet, and its minimum represents the AL index. The multicolored curves show the results of the simulations made for the cases with the R2 currents set to 26o (red line), 28o (blue), 30o (green), and 32o (cyan). The solid black curve shows the simulation result for the case where R2 currents are absent in the model, but all the other parameters are the same as above. The black dashed curve shows the results for the run with the R2 currents absent and the increased potential drop over the polar cap (see Figure 6 for the maps of equivalent currents). The bold lines show the magnetic field variation for the Northern hemisphere, and the thin lines show the results for the Southern hemisphere. As the simulation is made for the spring season, the difference between the magnitudes resulting from interhemispheric currents is negligible. 
Figure 7 gives an overview in which MLT sector one can find the greatest magnitude of the ionospheric currents. We also compare the model results with SuperMAG data and auroral indices. As one can see, the red and blue lines for runs with R2 currents provide a good fit for the AL and AU indices with observations. However, there is no model setup with strong R2 currents that produces a strong westward electrojet in the midnight sector as suggested by the SuperMAG data (Figure 2). The model setup, which corresponds to the observations with a strong midnight electrojet, is the run without R2 currents, shown in the Figure 7 by dashed lines. This is also consistent with AMPERE data, where no R2 currents appear around the simulation time. We note that to obtain a strong electrojet for the model run without R2 currents, the potential drop has been increased from ~75 kV to ~ 170 kV. We suggest that this discrepancy is the result of several factors, including unambiguity in MIX solver solution, the effects of potential drop along auroral field line and imperfect conductivity model in L-2015 model. 

To further investigate the effects of R2 system on the ionospheric currents closure, we analyzed another case of a magnetospheric substorm that occurred on April 5, 2010. The substorm of April 5, 2010 happened after arrival at ~ 08:25 UT of CME-driven shock that compressed the magnetosphere, applied Bz=-15 nT and caused a development of the extreme geomagnetic substorm near 9:30 UT (Connors et al., 2011). It is believed that an unusually large depolarization observed at GOES s/c at this time could be related to the Galaxy 15 s/c anomaly and shows an example of space weather conditions that may have induced a major operational anomaly (Connors et al., 2011). Since L-2015 does not currently include the effects of the substorm current wedge, we selected for the analysis an early expansion phase around 09:10 UT, where the effects of substorm current wedge are supposedly not very strong. The AU and negative AL indices (top) and interplanetary magnetic field components (bottom) are shown in the Figure 8. We can see that the AU and AL indices reach their maximum magnitude between 2000 and 2500 nT around 09:30 UT, and fluctuate in the range 1000-1500 nT around 09:10 UT. There is a strong and stable southward IMF Bz component, and a strong and fluctuating By IMF component around 09:10 UT.
Figure 9 shows the suggested electric field potential derived from MIX ionospheric solver (a), field-aligned current density (b) derived from AMPERE data for April 5, 2010, 9:10, and (c) SuperMAG polar plots with ground magnetometers vectors for the Northern (left) and Southern (right) hemispheres. The AMPERE data does not show substorm current wedge signatures around this time. The R2 currents are weak in the Northern hemisphere, but present in the Southern hemisphere. 

[bookmark: _Hlk44885578][bookmark: _Hlk44889161]We made a set of simulations with the same approach: the R1 current location is set for 20o of colatitude as follows from the AMPERE polar plots on Figure 9, the R2 location is set for 30o, 32o, 34o, and 36o, and also some cases were considered with R2 currents absent from the simulations. The ionospheric conductivity parameters related to typical auroral precipitations for KP = 5, e.g. the maxima of Pedersen and Hall conductivities are 12.5 S and 25.9 S respectively. The electric potential difference for the boundary conditions was taken from the AMPERE polar plot; it changes from -110 kV at the western boundary of the polar cap to +61 kV at the eastern boundary (Figure 9 a). The maximum and minimum of a potential has moved from 06 and 18 MLT to 03 and 15 MLT respectively (as in the AMPERE data, Figure 9 a) due to strong By component of the interplanetary magnetic field. The resulting potential calculated from L-2015 for 9:10 UT of April 5, 2010 is shown in the Figure 10. Similar to the first case, the AMPERE product (MIX solver) is only used to set up the boundary condition.

We made a set of simulations setting up the R2 currents at 30o, 32o, 34o, as well as the set of simulations with the R2 absent. For the case where the R2 current system is set to 30o, the AU and AL indices for the Northern and Southern ionospheres are respectively: 2619, 2554, -2911, and -2877 nT. For the case, where R2 currents system is set to 32o, the AU and AL indices are: 2131, 2071, -2345, -2315 nT. For R2 set to 34o, the indices are: 1765, 1708, -1899, -1871 nT. The results for the equivalent currents for the case where R2 currents system is set to 32o are presented in the Figure 11. The results for the setup with the R2 absent are shown in the Figure 12. In this case, the westward electrojet in the midnight sector in strong in magnitude. For the same potential drop as in the previous cases, we obtained the AU and AL indices for the Northern and Southern ionospheres respectively: 1376, 1315, -1192, and -1189 nT, which is close to the indices observed around 09:10 UT. We also performed a simulation for the increased potential drop and the results are shown in the Figure 12. The potential difference increased up to 222 kV (from -79 to 143 kV) did not improve the agreement with the observed AU and AL indices, which are respectively 1789, 1709, -1549, and -1546 for the Northern and Southern ionospheres. The further increase in this difference also did not improve the comparison significantly. 
To summarize the results of the Figures 11 and 12, we conclude that for the event of April 5, 2010 for the northern hemisphere, the SuperMAG observations agree better with the run where R2 currents are absent. Indeed, the observed electrojet signatures are weak in the morning sector and strong in the post-midnight sector, as predicted in the Figure 12 (left panel). The result is also consistent with AMPERE observations in the northern hemisphere where the R2 currents are weak near 09:10 UT. For the southern hemisphere the situation is more complex. The AMPERE data shows a relatively strong R2 system, thus demonstrating a strong asymmetry between two hemispheres that the L-2015 model cannot predict. This is probably because the current version of the L-2015 model does not take into account all mechanisms that produce asymmetry between two hemispheres, for example the potential drop difference along the field line for the auroral zone, and the asymmetry due to IMF By. The SuperMAG data is scarce but there is a clear signature of an enhanced electrojet in the morning sector, which is consistent with the result of the run with R2 in the Figure 11 (right panel). We conclude therefore that the asymmetry observed in the electrojet magnitude between two hemispheres is explained by the asymmetry in the R2 distribution, and predicted by the L-2015 model, if the L-2015 results are analyzed for each hemisphere separately.
Figure 13 shows the simulated magnetic field that would be measured on the ground in various magnetic local time (MLT) sectors of the auroral zone for the runs described above. The multicolored curves show the result of the simulation made for the cases, where the location in colatitude of the R2 currents was set to 30o (red line), 32o (blue), and 34o (green). The solid black curve shows the simulation result for the case, where R2 is absent from the model setup but all other parameters are the same as above. The black dotted curves show the cases where the R2 is absent and the electric potential drop over the polar cap is increased to 222 kV, and the black dashed curves show the results with an increased potential drop up to 273 keV. The observed AU/-AL is approximately 1000 nT (Figure 8), therefore we conclude that the run without R2 agrees better with the magnetometer observations in the northern hemisphere, where the stations for AU/AL indices are located. As noted above, the L-2015 model predicts that for the southern hemisphere, where the R2 system is present in the AMPERE data, the agreement would be better with the R2 setup, and would produce stronger AU/AL signatures. Currently, this is difficult to verify as no AU/AL index is available for the Southern hemisphere. 
3. Discussion and Conclusion
Modern global coupled models of the Geospace show highly complex, self-consistent and interconnected interactions between field-aligned currents and their ionospheric closures. Because of the complexity, cause and effect relationships are sometimes hidden in a global self-consistent solution. In this study, we demonstrated how the simple model of ionospheric electrodynamics could help unravel some important aspects of the effect of R2 currents on the entire auroral oval.
Generating multiple simulations, we have selected a few for this demonstration. The effects of R2 currents on the auroral ionosphere are confirmed by multiple numerical experiments. The main results could be summarized as follows:
1. A strong R2 current provides a robust closure for ionospheric currents originating from R1 via the auroral zone ionosphere. Since the conductivity of the magnetic field lines is much higher than the ionospheric conductivity, the availability of the connection via R2 current can drastically change the parameters of the auroral zone: ionospheric and field-aligned currents, magnetic fields measured on the ground, and auroral indices. In the model, the larger magnitude westward auroral electrojet is found to be in the day-to-dawn sector, while the ionospheric and equivalent ionospheric currents on the night side have a much lower magnitude. 
2. The location of R2 currents also affects the distribution of ionospheric and equivalent currents, as well as ground magnetic field measurements. As the distance between the current systems R1 and R2 increases, the magnitude of ionospheric currents decreases as the ionospheric currents propagate to larger regions at lower latitudes. 
3. When R2 current cannot provide proper closure, the night side ionospheric currents increase in magnitude. Therefore, the R1 current is closed via ionosphere of the auroral oval night side. Ionospheric currents flow from dawn to dusk over the night-side ionosphere. The simulations show the appearance of the westward auroral electrojet in the night region of the auroral zone in case of absent R2 currents.
4. For the case of 21:10 UT of April 6, we found that to obtain the equivalent currents of the magnitude registered by ground magnetometers shown by SuperMAG, the potential drop over the polar cap in the model should be greater to that suggested by AMPERE products. 
5. For the case of 09:10 UT of April 5, we found that for the northern hemisphere, the SuperMAG data shows strong currents in the area from dusk to midnight, which agrees well with the results for the model run without R2 current. For the southern hemisphere, SuperMAG data shows strong currents in the MLT ~06 h sector. This characteristic is reproduced by the run with R2 located at 32o magnetic colatitude. AMPERE data are in agreement with the model results, showing a weak R2 system in northern hemisphere and a visible R2 system in southern hemisphere.

It should be noted that the substorm current wedge is not included in our model, and we have studied the characteristics of the auroral zone currents without considering the additional system of currents forming the substorm current wedge. AMPERE data does not show any additional current systems adjacent to R1 currents that could be indicative of an intense substorm current wedge for two considered events, therefore justifying our approach. We anticipate that substorm current wedge could affect the results, and consider this effect in the future works.

We demonstrated that a part of the night side westward electrojet could only appear if R2 currents are weak or absent. Still, the magnitude of the equivalent ionospheric current on the night side is less than observed, if the model uses the electric potential derived from the AMPERE products. It suggests  that either potential drop over the polar cap is greater than that proposed by the AMPERE group, or some additional factors, such as substorm current wedge, the potential drop along the field line, or errors in the specification of auroral conductivity as a function of Kp index. The clarification of these uncertainties will be the subject of future work.
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6. Figures
[bookmark: _Hlk44890012][image: ]

Figure 1. Top panel shows the AU and negative AL indices for April 06, 2010 from approximately 20:00 UT to 22:00 UT. The AU index is shown in blue and negative AL is shown in red. The lower panel shows the parameters of the interplanetary magnetic field (IMF): Bx (black), By (blue), and Bz (red). The pink shade indicates an interval of interest around 21:10 UT.
[image: ]
[bookmark: _Hlk45541873]Figure 2. The electric potential (a) and field-aligned current density (b) from AMPERE data for April, 06, 2010, 21:10 UT. SuperMAG polar plots (c) with ground magnetometers vectors, which represent equivalent ionospheric currents for the northern (left) and southern (right) hemisphere for the same time. The southern hemisphere is shown as a mirrored image. The direction toward the Sun is above each plot, and towards dawn (06 MLT) is to the right. The enhanced electrojet region in the midnight sector is seen in panel (c) for the northern hemisphere.
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[bookmark: _Hlk44688302]Figure 3. The electric potential simulated with the L-2015 model for April 06, 2010, 21:10 UT. The parameters of the simulated event are: R1 current is located at 18o of colatitude, R2 current is at 26o. The auroral precipitation parameters are typical for KP = 4. The electric potential changes from -30 kV at the western boundary of the polar cap (18 MLT) to +42 kV at the eastern boundary (06 MLT) as shown in the Figure 2 (a).
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[bookmark: _Hlk44716015][bookmark: _Hlk54453620]Figure 4. The simulated equivalent ionospheric currents, for the Northern (left) and Southern (right) hemispheres for the case 1, where R1 currents are located at 18o colatitude; R2 currents at 26o; the ionospheric conductivity produced by geomagnetic activity is typical for KP=4, e.g. the maxima of Pedersen and Hall conductivities are 10.0 S and 18.0 S respectively. The electric potential changes from -30 kV at the western boundary of the polar cap (18 MLT) to +42 kV at the eastern boundary (06 MLT) as taken from the Figure 2 (b). The Southern hemisphere is shown as a mirrored image. Here and further, the direction to the Sun (12 MLT) is above each image; the direction of dawn (06 MLT) is to the right. Note the absence of an electrojet near the midnight sector in the distribution of equivalent currents.
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Figure 5. The simulated equivalent ionospheric currents, for the Northern (left) and Southern (right) hemispheres for the case 2, where R1 currents are located at 18o colatitude; R2 currents at 30o. The electric potential changes from -30 kV at the western boundary of the polar cap (18 MLT) to +42 kV at the eastern boundary (06 MLT). Note the absence of the electrojet near the midnight sector.



[image: ]
Figure 6. The simulated equivalent ionospheric currents, for the Northern (left) and Southern (right) hemispheres for the case of negligible R2 currents and an increased electric potential drop across the polar cap. The potential drop for the simulation is set to 180 kV, from -75 to +105 kV. All other parameters of the simulation are the same. Note the appearance of the intense electrojet near the midnight sector.

[image: ]
Figure 7. The simulated magnetic field that would be measured on the ground in various magnetic local time (MLT) sectors in the area between R1 and R2 currents for the cases described above. In case of absence of R2 currents, the auroral zone width is set to 12o below R1 current. The multicolored curves show the result of the simulation made for the cases with the R2 currents set at 26o (red line), (Figure 4), 28o (blue), 30o (green), (Figure 5), and 32o (cyan). The solid black curve shows the simulation result for the case where R2 is absent from the model setup but all other parameters are the same as above. The black dashed curve shows the case with the R2 is absent and electric potential drop over the polar cap is increased and set to 180 kV, from -75 to +105 kV (Figure 6). The bold lines show the magnitude of the magnetic field in the Northern hemisphere, thin lines show the results for the Southern hemisphere. As the simulation is made for the spring season, the difference between the magnitudes for the two hemispheres is negligible. The positive magnetic field is caused by eastward auroral electrojet; its maximum represents AU index. The negative magnetic field is caused by westward auroral electrojet, its minimum represents AL index for the time given. Note that currently measurements of AE indices are available only for the Northern hemisphere.
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[bookmark: _Hlk44750851]Figure 8. The top panel shows the AU and negative AL indices for the morning hours for April 05, 2010. The AU index is shown in black and negative AL is shown in blue. The lower panel shows the parameters of the interplanetary magnetic field: Bx (black), By (blue), and Bz (red).
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Figure 9. The electric field potential (a) and the field-aligned current density (b) derived from  AMPERE data for April 05, 2010, 9:10 UT. SuperMAG polar plots (c) with ground magnetometers vectors, which represent equivalent ionospheric currents for the Northern (left) and Southern (right) hemisphere for the same time. The Southern hemisphere is shown as a mirrored image. 
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[bookmark: _Hlk45318657][bookmark: _Hlk44891789]Figure 10. The simulated electric potential for April 5 2010, 9:10 UT with the L-2015 model. The parameters of the simulated case are: R1 current is located at 20o of colatitude, R2 current is at 30o. The auroral precipitation parameters are typical for KP = 5; the maxima of Pedersen and Hall conductivities are 12.5 S and 25.9 S respectively. The electric potential difference for the boundary conditions simulation changes from -110 kV at the western boundary of the polar cap to +61 kV at the eastern boundary, but the maximum and minimum of a potential shifted from 06 and 18 MLT to 03 and 15 MLT respectively due to By effect.


[image: ]
Figure 11. The simulated equivalent ionospheric currents, for the Northern (left) and Southern (right) hemispheres for the case, in which R1 currents are located at 20o colatitude; R2 currents at 32o; the ionospheric conductivity is typical for KP=5. The electric potential difference for the boundary conditions simulation changes from -110 kV at the western boundary of the polar cap to +61 kV at the eastern boundary as in Figure 10. Note that the reference vector for the images is set at 1000 nT.
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[bookmark: _Hlk44892686]Figure 12. The simulated equivalent ionospheric currents, for the Northern (left) and Southern (right) hemispheres for the case of negligible R2 currents, while all other simulation parameters are the same as in Figure 11. R1 currents are located at 20o colatitude, the ionospheric conductivity is typical for KP=5. The electric field potential difference for the boundary conditions simulation changes from -110 kV at the western boundary of the polar cap to +61 kV at the eastern boundary.
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Figure 13. The simulated magnetic field which would be measured on the ground in different magnetic local time (MLT) sectors of the auroral zone for the case of April 05, 2010, 09:10 UT, for the model runs described above. The multicolored curves show the results of the simulation made for the cases with the R2 currents set to 30o (red line), 32o (blue), and 34o (green). The solid black curve shows the results for the case where R2 is absent from the model setup but all other parameters are the same as above. The black dash-dotted curve shows the results for the case with the R2 absent and the electric potential drop increased by 30% compared to the original case, up to 222 kV (from -143 to 79 kV). The black dashed curve shows the results for the run with the R2 absent and the potential drop increased by 60%, up to 273 kV (from -176 to +97 kV). The bold lines indicate the Northern hemisphere fields magnitude, with thin lines for the Southern hemisphere. The positive magnetic field is caused by eastward auroral electrojet; its maximum represents AU index for each hemisphere for the given time. The negative magnetic field is caused by westward auroral electrojet; its minimum represents AL index. The observed values for AU/-AL of ~1000 nT near 09:10 UT for the northern hemisphere agree well with the run without R2 currents.
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