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Abstract

:

The prompt penetration electric field (PPEF) drives the DP2 currents composed of the two-cell Hall current vortices surrounding the Region-1 field-aligned currents (R1FACs), and the zonal equatorial electrojet (EEJ, Cowling current) at the dayside equator, which is connected to the R1FACs by the Pedersen currents at middle latitudes. The midlatitude H- and D-components of the disturbance magnetic field are caused by the DP2 currents, as well as by the magnetospheric currents, such as magnetopause currents, FACs, ring currents, and so on. If the DP2 current is the major source for the midlatitude geomagnetic disturbances, H and D are supposed to be caused by the Hall and Pedersen currents, respectively. The H-D correlation would be negative in both morning and afternoon sectors, and H/D-EEJ correlation would be negative/positive in the morning and positive/negative in the afternoon. We picked out 39 DP2 events in the morning and 34 events in the afternoon from magnetometer data at Paratunka, Russia (PTK, 45.58° N geomagnetic latitude (GML)), which are characterized by negative H–D correlation with correlation coefficient (cc) < −0.8. We show that the midlatitude H/D is highly correlated with EEJ at Yap, Micronesia (0.38° S GML) in the same local time zone, meeting the Pedersen–Cowling current circuit between midlatitude and equator in the DP2 current system. Using the global simulation, we confirmed that the ionospheric currents with north–south direction at midlatitude is the Pedersen currents developing concurrently with the Cowling current. We suggest that the negative H-D correlation provides a clue to detect the PPEF when magnetometers are available at middle latitudes.
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1. Introduction


The prompt penetration electric field (PPEF) has been detected by the magnetometers deployed from high latitudes to the equator during the quasi-periodic DP2 magnetic fluctuations with periods of 30–60 min [1,2,3,4,5,6]. The equivalent currents are composed of two-cell current vortices at high and middle latitudes and zonal currents at the dayside dip equator [1,2]. The DP2 currents at high and middle latitudes were shown to be the Hall currents, as derived from the EISCAT radar and IMAGE magnetometer observations [3]. The DP2 magnetic variations are well correlated with fluctuations in the interplanetary magnetic field (IMF) [2,4] and solar wind dynamic pressure [7]. The DP2 Hall current vortices are driven by the dawn-to-dusk convection electric field generated by the dynamo activated by the southward IMF [8] and/or by solar wind dynamic pressure [9,10].



The R1FACs flow into the polar ionosphere and then to the equatorial ionosphere via the midlatitude ionosphere to achieve the polar-equatorial current circuit [3]. The equatorial currents, i.e., EEJ (equatorial electrojet) are the Pedersen currents enhanced by the Cowling conductivity, such that the primary Pedersen currents are intensified by the Hall currents due to the vertical polarization electric field created by the primary electric field in the vertical Hall-Pedersen current circuit [11,12]. The Cowling currents are supplied by the Pedersen currents from the FACs via the midlatitude ionosphere, completing the Pedersen-Cowling current circuit, as well as the two-cell Hall current vortices as schematically shown in Figure 1 (modified Figure 9 of Kikuchi et al. [3]).



Thus, the equatorial ionosphere works as if it is a sensitive antenna to the electric field and currents originating in the magnetosphere. In fact, EEJ has been extensively used as a detector of the PPEF of the preliminary impulse (PI) and main impulse (MI) of the geomagnetic sudden commencement (SC) ([13] and references therein), Pc5 pulsations [14,15] and Pi2 pulsations [16,17], substorm and storms [18,19,20,21,22,23] and SAPS (subauroral polarization stream) [24,25]. EEJ is caused not only by the PPEF but also by solar flares and disturbance dynamo electric fields [26]. Even during quiet times, EEJ is caused by zonal wind in the ionosphere and tidal motion of the thermosphere [27,28]. Since the transmission of the electric field and currents from the foot of R1FACs to EEJ is almost instantaneous [29], the DP2 fluctuations are well correlated between high latitude and equator with the correlation coefficient of 0.9 within the temporal resolution of 25 s [3]. The PPEF transmitted with the DP2 currents are observed by the HF Doppler sounders at middle latitudes during SC and storm/substorms [30,31,32,33] and at the equator [34]. Furthermore, the PPEF is transmitted from the ionosphere upward into the inner magnetosphere as observed by spacecrafts [35,36].



The instantaneous transmission from high latitude to the equator can be proved by using the onset time of PI of SC, which can be determined within the resolution of 10 s [31,37,38]. The instantaneous achievement of the polar-equatorial current circuit is due to the zeroth-order transverse magnetic (TM0)/transverse electromagnetic (TEM) mode waves propagating at the speed of light in the Earth–ionosphere waveguide/transmission line [29,39,40]).



As described above, the equatorial magnetometers are a powerful tool for detecting the PPEF, but the number of stations and periods of operation are limited compared to those at middle latitudes where many magnetometers have been operated on a global scale and over long periods (WDC for Geomagnetism, Kyoto, Japan). Therefore, it is of great concern whether magnetometers deployed at midlatitudes are capable of detecting the PPEF. If this method works well, we can follow the evolution of the PPEF at any stage of ongoing space weather disturbances and also in the post-event analyses of past major storms.



The midlatitude magnetic fields on the ground are under strong influence of the DP2 currents, but superimposed by significant effects due to magnetospheric currents, such as the magnetopause current, ring currents, FACs and so on. Sibeck et al. [7] reported that quite a few DP2 events at the equator are caused by the solar wind dynamic pressure, which would predict that midlatitude DP2 is caused by both the ionospheric currents and magnetopause currents. The midlatitude SC has been known to be caused by ionospheric PI and MI currents, as well as by magnetopause currents [13]. The PI of SC is also under strong influence of FACs in winter when the ionospheric conductivity is low [41]. On the other hand, the D-component of the magnetic field at middle latitudes have been attributed to the ionospheric Pedersen currents flowing in north–south direction (Figure 1), which results in opposite polarity in the morning and afternoon as observed in the SC [42], substorm [21], and storm [33]. Imajo et al. [17] showed that D of Pi2 pulsations changes its polarity across the terminator, meeting the Pedersen currents on the sunlit side and FACs on the dark side.



Thus, midlatitude H and D are caused not only by the ionospheric currents driven by the PPEF but also by magnetospheric currents, which can make it difficult to detect the PPEF with midlatitude magnetometers. However, if midlatitude H and D are caused solely by the ionospheric Hall and Pedersen currents, respectively, we would be able to obtain information about the PPEF from negative correlations between H and D in both the morning and afternoon as deduced from the DP2 current system in Figure 1. We further expect that correlations between midlatitude H and EEJ are negative/positive in the morning/afternoon and correlations between midlatitude D and EEJ are positive/negative in the morning/afternoon.



The purpose of the present paper is to prove that the PPEF can be detected by midlatitude magnetometer, using high negative correlations between H and D. For this purpose, we picked out 39 DP2 events with correlation coefficient, cc(H-D) < −0.8 in the morning and 34 events with the same criteria in the afternoon, using magnetometer data from Paratunka, Russia (PTK, 45.58° GML). To confirm the selected DP2 events being caused by the PPEF, we examined DP2 current circuit conditions, i.e., high correlations between mid-latitude H/D and EEJ which is defined as difference between H at Okinawa, Japan (OKI, 16.95° GML) and Yap, Micronesia (YAP, 0.51° GML) in the same local time zone (Table 1). We use “EEJ” for H due to the equatorial electrojet and “Cowling current” for the current circuit, such as the Pedersen–Cowling current circuit. Hereafter, H and D at PTK are referred to as PTKH and PTKD and the same abbreviations are applied to other stations. The correlation coefficients between variables are referred to as cc (PTKH-D), (PTKD-EEJ), (PTKD-OKID), and so on. In Section 2 and Section 3, we show that selected PTKH and PTKD agree with the Hall current vortices at midlatitude and the Pedersen-Cowling current circuit from midlatitude to the equator, respectively. In Section 4, we show that the R1FAC dynamo supplies the Hall and Pedersen currents at midlatitude and equatorial Cowling currents, using the global MHD (magnetohydrodynamics) simulation [43].




2. DP2 Events in the Morning Sector (0630-1030MLT)


We have analyzed 39 DP2 events observed at PTK in the morning (20-24 UT, 0630-1030 MLT), with the amplitude of D as dD > 15nT and the correlation coefficients between PTKH and PTKD as cc(PTKH-D) < −0.8. To calculate the correlation coefficients between periodic variations of two variables, we removed background gradual variations by applying moving average with the high-pass window of 60 min. Therefore, DP2 variations with periods < 60 min are picked out.



Figure 2 shows four DP2 events recorded at PTK, OKI, and YAP (EEJ), where PTKH, OKIH and EEJ are shown with solid lines and PTKD, OKID, and YAPH with dotted lines. Plots of OKIH and OKID are magnified by three to increase the visibility of small amplitude of OKIH and OKID, which does not affect the correlation coefficients. The small amplitude at OKI is due to the geometrical attenuation of the PPEF propagating from the polar ionosphere [3].



In Figure 2a,b, the correlation between PTKH and PTKD is excellent as cc(PTKH-D) = −0.95 and −0.94, which agrees with the Hall and Pedersen currents driven by the PPEF, as depicted in Figure 1. The correlation between PTKH and EEJ is also excellent as cc(PTKH-EEJ) = −0.95 and −0.87. The negative correlation indicates that PTKH is caused by the clockwise Hall current in the morning with no significant effects of the magnetospheric currents. If PTKH was caused by magnetospheric currents, we would expect positive correlations as seen at low latitude and equator during the SC [13] and solar wind pressure-driven DP2 [7]. Moreover, the correlations, cc(PTKD-EEJ) = 0.98 and 0.96 and cc(OKID-EEJ) = 0.97 and 0.90 prove that the Pedersen–Cowling current circuit is achieved from PTK to the equator via OKI. It is to be noted that the Hall currents extend to OKI as inferred from cc(OKIH-EEJ) = −0.70 (Figure 2a). The smaller cc(OKIH-EEJ) than cc(PTKH-EEJ) may indicate more contribution of magnetospheric current effects on OKIH.



Figure 2c,d show that the correlation between the PTKH and PTKD is cc(PTKH-D) = −0.81 and −0.85, which agrees with the Hall and Pedersen currents driven by the PPEF. The smaller cc may be due to the magnetospheric current effects superimposed on PTKH. The correlation between the PTKH and EEJ is cc(PTKH-EEJ) = −0.82 and −0.76, indicating that PTKH is caused by the clockwise Hall current in the morning, probably with some effects of the magnetospheric currents. On the other hand, high correlations, cc(PTKD-EEJ) = 0.92 and 0.96 and cc(OKID-EEJ) = 0.96 and 0.97 indicate that PTKD and OKID are caused almost only by the Pedersen currents connecting to EEJ. The positive correlation cc(OKIH-EEJ) = 0.63 in the event (d) indicates dominant magnetospheric current effects on OKIH. It is remarkable that, even in this case, cc(OKID-EEJ) = 0.97 indicates exclusive role of the Pedersen currents on OKID.



We calculated correlation coefficients between two variables selected from PTKH/D, OKIH/D and EEJ of 39 DP2 events. Figure 3 (top panel) shows correlation coefficients between PTKD and other variables, cc(PTKH-D), cc(PTKD-EEJ), cc(PTKD-OKIH), and cc(PTKD-OKID). All cc(PTKH-D) are between −1 and −0.8 from the selection criteria and most of cc(PTKD-EEJ) and cc(PTKD-OKID) are > 0.9 with some scatterings. These high-correlation coefficients match the clockwise Hall current vortex and southward Pedersen-eastward Cowling current circuit from PTK to YAP over OKI, as depicted in Figure 1. In particular, the high value of cc(PTKD-OKID) indicates that D is caused by the Pedersen currents even at low latitudes as OKI. This result suggests that the midlatitude D provides us with a clue to estimate the PPEF. On the other hand, the plots of cc(PTKD-OKIH) scatters between −0.8 and +0.8, which may indicate significant contribution of non-ionospheric currents, i.e., magnetospheric currents on OKIH.



Figure 3 (bottom panel) shows box plots of all the correlation coefficients, displaying the minimum, lower quartile, median, upper quartile, and maximum with outliers (dots). The average value is indicated by x inside the box. The lower/upper quartile is the median of the data points below/above the median. Therefore, 50% of the events are inside the box and 75% above the lower quartile. The median values of cc(PTKH-EEJ), cc(PTKD-EEJ), and cc(OKID-EEJ) are −0.809, 0.926, and 0.923, respectively, under the condition of the median value of cc(PTKH-D) = −0.863. These correlation coefficients match the Hall current and Pedersen–Cowling current circuits as shown in Figure 1.



In contrast, the correlations between OKIH and other variables are −0.3~+0.4, which may indicate contamination of non-ionospheric currents such as the magnetopause currents, FACs and so on. It is interesting to note that cc(OKIH-EEJ) is negative in about 75% of the events. If OKIH was caused by the ionospheric Pedersen currents driven by the PPEF, OKIH should be in the same direction as EEJ, resulting in positive cc(OKIH-EEJ). Therefore, the negative cc(OKIH-EEJ) may indicate an extension of the Hall currents to low latitude of 16.87° GML and the remaining 25% of the events may be dominated by magnetospheric current effects. On the other hand, cc(PTKH-EEJ) is negative in all the events, indicating that the DP2 Hall current effects are dominant at PTK, even when the magnetospheric current effects are dominant at OKI. The latitudinal dependence of the contribution of the DP2 currents is due to the geometrical attenuation of PPEF during its propagation from the polar ionosphere to the equator [29]. In Section 4, we will show that the global simulation reproduced extension of the Hall currents to PTK and OKI, which explains negative cc(PTKH-EEJ) and cc(OKIH-EEJ) in the morning.




3. DP2 Events in the Afternoon (1330–1730MLT)


We have analyzed 34 DP2 events observed at PTK in the afternoon (0300–0700 UT, 1330–1730 MLT), with the amplitude of dD > 10nT and the correlation coefficients between H and D being cc(PTKH-D) < −0.8. The low threshold of D is used because the intensity of the DP2 current is estimated to be low in the afternoon, as will be explained in Section 4. To calculate the correlation coefficients between two variables, we applied the moving average same as used for the events in the morning.



Figure 4a–d show typical DP2 events with high correlations as cc(PTKH-D) = −0.89, −0.89, −0.85, −0.92, which matches the DP2 current circuit composed of the Hall and Pedersen currents (Figure 1). The correlation between the PTKH and EEJ is positive as cc(PTKH-EEJ) = 0.96, 0.98, 0.92, 0.92, matching the counter-clockwise Hall currents and eastward EEJ. The correlations, cc(OKIH-EEJ) =0.87, 0.87, 0.93, 0.80 may indicate the DP2 Hall currents extending over to OKI. The correlations, cc(PTKD-EEJ) = −0.81, −0.86, −0.80, −0.92 agree with the Pedersen current circuit from PTK to the equator, while cc(OKID-EEJ) = −0.24, −0.93, −0.81, −0.14 may indicate less contribution of the Pedersen currents at OKI in the afternoon sector, where the Pedersen currents flow in wider local time zone than in the morning sector, as will be discussed using the global simulation.



Figure 5 shows the correlation coefficients in the same format as in Figure 3. The median values of cc(PTKH-EEJ) and cc(PTKD-EEJ) are 0.855 and −0.830, which matches the Hall current and Pedersen-Cowling current circuits (Figure 1). On the other hand, the median values of cc(OKIH-D) and cc(OKID-EEJ) are −0.451 and −0.522, respectively. The poor correlations compared to cc(PTKD-EEJ) may be due to low intensity of the Pedersen currents at low latitudes. One of the reasons for the low Pedersen current is the expansion of the electric potential and currents beyond the dusk terminator, as will be shown with the global simulation (Section 4). The expansion of the electric potentials beyond the terminator is related to the evening anomaly of the PPEF of which direction is the same as in the day [44]. The lower cc(PTKD-EEJ) in the afternoon than in the morning may be due to overwhelming FAC effects on PTKD like the Pi2 pulsations [17]. Imajo et al. [17] showed that the phase of the Pi2 in D-component changes its polarity 2-3 h before sunset, while 0.5 h after sunrise. As a result, the midlatitude D in the afternoon is less sensitive to the PPEF than in the morning sector, although the midlatitude H is sensitive to the PPEF. In contrast, cc(OKIH-PTKH) = 0.9075 and cc(OKIH-EEJ) = 0.818 in the afternoon, much higher than cc(OKIH-PTKH) = 0.409 and cc(OKIH-EEJ) = −0.256 in the morning sector. As will be discussed later, the Hall currents tend to increase PTKH and OKIH in the afternoon, but decrease them in the morning, if EEJ increases. The positive/negative magnetic fields due to the Hall currents may have resulted in higher/lower correlation coefficients in the afternoon/morning sector.




4. Reproduction of Hall and Pedersen-Cowling Currents


To confirm the Hall and Pedersen-Cowling current circuit scenario, we reproduced the Hall and Pedersen currents at 45.6° magnetic latitude (MLAT) and 17.0° MLAT, as well as the Pedersen (Cowling) current at the equator (0.0 MLAT), using the REPPU (Reproduce Plasma Universe) simulation code [43]. The REPPU model uses the total variation diminishing finite volume scheme and the ionosphere is located at the inner simulation boundary of 2.6 Re with the Pedersen and Hall conductivities. The ionospheric electric potentials are calculated with the field-aligned currents as an input from the magnetosphere. At the simulation boundary upstream in the solar wind, the IMF Bz changes from +5 nT to −5 nT and solar wind speed from 372 to 500 km/s in the form of a step function. The solar wind density and IMF By are constant 5/cc and 2.5 nT, respectively. The REPPU model has succeeded to reproduce the magnetosphere-ionosphere currents of the substorm [45] and polar-equatorial ionospheric currents of the substorm overshielding [46].



Figure 6 shows time evolution of the Hall and Pedersen currents at the latitude of PTK (45.6° MLAT) with eastward (panels (a) and (b)) and northward (panels (c) and (d)) directions. The vertical axis is the magnetic local time (MLT) and horizontal axis is the simulation time (hh:mm). The solar wind pressure activates dynamos of PI and MI of SC [9,10], and then the southward IMF activates the dynamo of the convection electric field and R1FACs [8,43]. Figure 6a shows that the eastward/westward Hall currents of the PI are created in the morning/afternoon for the first few minutes, followed by reverse currents of the MI for the next several minutes. The MI currents are further followed by DP2 currents driven by the R1FAC dynamo, continuing for 1 h. We focus our attention to the DP2 currents of which directions are westward in the morning and eastward in the afternoon and evening. Figure 6b shows the Pedersen currents of which direction is eastward in the day, while the current density is lower than the Hall current. The reproduced currents match the midlatitude Hall currents responsible for PTKH, as depicted in Figure 1. Figure 6c,d show the northward Hall and Pedersen currents, respectively. Both currents have the same direction as southward in the morning and northward in the afternoon and evening. The Hall current intensifies the Pedersen current near the dawn terminator, which is due to accumulation of electric charges at the terminator [47].



Figure 7 shows the Hall and Pedersen currents at the latitude of OKI (17.0° MLAT) and Pedersen (Cowling) current at the equator (0.0 MLAT) in the same format as in Figure 6. Figure 7a,b show that the Hall current is westward in the morning and eastward in the afternoon and evening, which is larger than the Pedersen current density of which direction is eastward in the day. The reproduced currents match the extension of the Hall currents to low latitude consistent with the observations. Figure 7c,d show that the southward/northward Pedersen currents are dominant in the morning/afternoon, which are connected to the eastward Cowling current (EEJ) in the day (Figure 7e). The reproduced currents match the Pedersen-Cowling current circuit between the midlatitude and equator, consistent with the current circuit depicted in Figure 1. It should be noted that the regions of the eastward Cowling currents and northward Pedersen currents expand into the evening sector, which would reduce the Cowling and Pedersen current densities in the afternoon. EEJ has been shown to be maximum before noon [48], consistent with the reduced Cowling current density in the afternoon.




5. Summary and Discussion


We have analyzed DP2 events with negative correlations between PTKH and PTKD recorded at midlatitude, PTK, in the morning and afternoon sectors. We showed negative/positive correlations between PTKH and EEJ in the morning/afternoon and positive/negative correlations between PTKD and EEJ in the morning/afternoon. These results meet the DP2 current system created by the prompt penetration electric field (PPEF), which is composed of two-cell Hall current vortices surrounding the R1FACs and Pedersen-Cowling current circuits between the R1FACs and EEJ, as depicted in Figure 1. Although midlatitude magnetic fields are strongly affected by the magnetospheric currents, such as the magnetopause currents, ring currents, FACs, and so on, midlatitude magnetometers will detect the PPEF if we pick out DP2 events with negative correlations between H and D. The midlatitude D–EEJ relationship has been used to identify the PPEF of substorm [21] and geomagnetic storm [33]. The usefulness of the D–EEJ relationship has been confirmed by our analyses.



We here stress the important role of the Pedersen-Cowling current circuit in understanding geomagnetic and ionospheric disturbances at low and equatorial latitudes. As the Pedersen currents are carried by the TM0/TEM mode waves in the Earth–ionosphere waveguide/transmission line [40], the Pedersen-Cowling current circuit is an energy channel from high latitude to the equator. Kikuchi [40] showed that the Poynting flux is transmitted at the speed of light in the space between the ground and ionospheric E-layer. A fraction of the Poynting flux penetrates into the ionospheric F-layer and further to the inner magnetosphere, which results in a quick response of the electric field and magnetic field disturbances at the equator [3,18,49] and inner magnetosphere [35,36].



We should recall that ground magnetic disturbances are caused by ionospheric currents and also by magnetospheric currents. If PTKH and OKIH were caused by magnetospheric currents in the equatorial plane of the magnetosphere like magnetopause and ring currents, OKIH should be larger than or almost comparable to PTKH. As we have shown in Figure 2 and Figure 4, OKIH is smaller than PTKH and YAPH. Moreover, PTKH and some OKIH are in opposite polarity to EEJ in the morning sector, which is not consistent with the same polarity expected at low latitude and EEJ as caused by magnetospheric currents during SC [13] and solar wind-driven DP2 [7]. Thus, PTKH and YAPH are almost caused by ionospheric DP2 currents. Another candidate of the magnetospheric currents is FACs, but they make negative H at PTK and OKI when we observe positive EEJ. This FAC effect may be contained in the negative PTKH and OKIH in the morning, but its effect is negligibly small, because no such effects are observed in the afternoon sector. On the other hand, Kikuchi et al. [41] showed that the positive PI of SC occurs in the afternoon in winter, which is caused by positive magnetic fields due to the FACs dominating over the negative PI due to ionospheric currents. Imajo et al. [17] showed that the phase reversal in D of Pi2 pulsations occurs 0.5 h after sunrise and 2–3 h before sunset, which means that the FACs effects can overcome ionospheric currents late in the afternoon, as well as in the night. The lower values of cc(PTKD-EEJ) in the afternoon than in the morning may be due to contamination of FAC effects in PTKD. We suggest that the high correlations between H and D help identify the magnetic fields being caused by the DP2 currents.



Here, we raise a question one might have; H and D could be caused by a single Hall or Pedersen current with north-east or north-west direction. If the negative H and positive D in the morning were caused by a single Hall or Pedersen current, we would expect that the current flows south-westward. This direction does not meet the clockwise flow of the Hall current surrounding the FAC and does not meet the southward or south-eastward Pedersen current connecting to EEJ. Likewise, if the positive H and negative D in the afternoon were caused by a north-eastward current, it would be difficult to achieve a current circuit with EEJ that flow in the day and evening. Thus, it is reasonable to attribute the midlatitude H and D to the Hall and Pedersen currents, respectively, as depicted in Figure 1.



It is interesting to note that the Hall currents extend to low latitude, OKI (16.95° GML), where H is negative corresponding to positive EEJ (Figure 2a–c). We usually derive EEJ from YAPH subtracted by OKIH, by assuming that OKIH is not contributed by the ionospheric currents but totally caused by magnetospheric currents. The negative correlation between OKIH and YAPH /EEJ indicates that the westward Hall currents extend down to OKI, while YAPH is enhanced by the eastward Cowling currents. The contribution of the DP2 currents at OKI was found to be not negligible for the PI of SC [50]. They reported that PI appeared in 10–20% of the analyzed equatorial PI events. Our simulation results in Section 4 supports the extension of the Hall currents to the latitude of OKI. It should be stressed that the derivation of EEJ using OKIH as a reference does not make significant errors, since Hall current effects at OKI are much smaller than those of the Cowling currents.



Bay-like magnetic increases observed at middle latitudes have often been used as a signature of the eastward PPEF (e.g., Huang et al. [51]). Hashimoto et al. [32] pointed out that the midlatitude H used in Huang et al. [51] is suppressed or even negative at midlatitude during the period of positive EEJ. As we have shown in the present paper, PTKH and OKIH are negative in the morning when bay-like increases are observed in EEJ as in Figure 2a (2133UT). In Figure 2d, on the other hand, EEJ and OKIH are positive at 2240UT, but PTKH is negative, which is due to difference in the latitudinal dependence of the DP2 Hall currents. Hashimoto et al. [32] also pointed out that the amplitude of the bay-like increase in Huang et al. [51] does not show latitudinal change expected by DP2 currents in the afternoon sector. As we have shown in Figure 4, OKIH is much smaller than PTKH, corresponding to significant EEJ. The latitudinal dependence indicates strong contribution of the DP2 currents, consistent with the amplitude of DP2 decreasing steeply with decreasing latitude, but enhanced dramatically at the dayside equator [3]. If we have meridional chains of magnetometer, it would be easy to identify magnetic perturbations caused by the PPEF. However, it would also be easy to identify the PPEF by examining H-D correlations, even if we have only one station at midlatitude.



The high correlation between the midlatitude D and EEJ indicates achievement of the Pedersen–Cowling current circuit between midlatitude and equator, where the energy is transmitted by the TM0/TEM mode in the Earth–ionosphere waveguide/transmission line [40]. The energy dissipated in EEJ should be supplied by a wave which propagates from the dynamo in the outer magnetosphere created by the solar wind-magnetosphere interaction [8,9,10]. There are two kinds of wave that transmits the energy to the ionosphere. One is the fast (compressional) mode with magnetic field parallel to the ambient magnetic field (B0), which propagates in the equatorial plane of the magnetosphere to middle and low latitude ionosphere. The second one is the transverse magnetic (TM) mode with the wave magnetic field perpendicular to the propagation plane containing the pair of FACs, which propagates to the polar ionosphere along B0 [52,53]. There have been lots of papers discussing that the fast mode wave supplies the PPEF responsible for geomagnetic and ionospheric perturbations at low latitude and equator (e.g., [54]). However, the electromagnetic energy is not discussed in the scenario of the fast mode propagation. In other words, the energy-consuming Pedersen/Cowling currents have not been explained by means of the fast mode wave. Tamao [52,53] attempted to explain the two-cell Hall current vortices of the PI of SC with the converted transverse mode (CT mode) that has been converted at the wave front of the fast mode, but the CT mode does not contain curl-free electric field, i.e., no FACs are supplied to the midlatitude ionosphere. Moreover, the fast mode wave does not compress the midlatitude ionosphere as observed by the HF Doppler sounder, which means that no energy is supplied to the ionosphere [30]. The conducting Earth also does not allow the compressional wave to survive in the ionosphere [55]. Contrast to the fast mode, the TM mode carries energy down to the polar ionosphere with the pair of FACs [52,53], and then to the equatorial ionosphere with the ionospheric Pedersen currents and ground surface currents in the Earth–ionosphere waveguide/transmission line [40,44]. The pair of field lines carrying the FACs works as a transmission line [56] and the Earth–ionosphere waveguide works as a lossy transmission line [40]. In the transmission line, the TM0 or TEM mode wave carries electromagnetic energy that are consumed in the Pedersen/Cowling currents. It should be stressed that the theory/model aiming for understanding fast propagation of electric and magnetic fields to low latitude ionosphere should also explain energy supply to the Pedersen and Cowling currents.




6. Conclusions


We picked out 39 DP2 events recorded at Paratunka, Russia (PTK, 45.58° N geomagnetic latitude (GML)) in the morning and 34 DP2 events in the afternoon, which are characterized by correlations, cc (PTKH-D) < −0.8. We found that all the events are associated with high cc(PTKD-EEJ) and cc(OKID-EEJ) with positive correlations in the morning and negative in the afternoon, meeting the Pedersen-Cowling current circuit from the R1FACs to EEJ through the Pedersen currents over the middle and low latitudes. The DP2 Hall currents extend down to low latitude OKI (16.95° GML), where the magnetospheric currents have been supposed to make major effects. As a result, OKIH is negatively correlated with EEJ. With these analyses, we conclude that the high cc(H-D) at middle latitudes can be used as a detector of the PPEF.
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Figure 1. Schematic diagram of the DP2 ionospheric currents modified from Figure 9 of Kikuchi et al. [3]. Two-cell Hall currents surround the Region-1 field-aligned currents at high and middle latitudes. The R1FAC drives a current circuit with midlatitude Pedersen current and equatorial Cowling current (enhanced Pedersen current, EEJ). cc(H-D), cc(H-EEJ), and cc(D-EEJ) refer to correlations between midlatitude H and D and correlations between H/D and EEJ. 
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Figure 2. DP2 magnetic fluctuations recorded in H and D at PTK and OKI in the morning (0630-1030 MLT), denoted with PTKH (solid curve), PTKD (dotted curve), OKIH (solid curve), and OKID (dotted curve). OKIH and OKID are multiplied by three for better visibility. At the equator, EEJ (solid curve) and YAPH (dotted curve) are shown. The correlation coefficients between two variables are shown with cc in the frame. (a–d) are used for reference in the text. 
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Figure 3. (top) Scatter plots of correlation coefficients between PTKD and other variables of 39 DP2 events in the morning sector; cc(PTKH-D), cc(PTKD-EEJ), cc(PTKD-OKIH), and cc(PTKD-OKID). (bottom) Box plots of all the correlation coefficients between two variables, composed of the minimum, lower quartile, median, upper quartile, and maximum with outliers (dots). The average value is indicated by x inside the box. 
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Figure 4. DP2 magnetic perturbations recorded in the afternoon (1330–1730 MLT). The format is the same as in Figure 1. (a–d) are used for reference in the text. 
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Figure 5. (top) Scatter plots of correlation coefficients and (bottom) box plots of all the correlation coefficients between two variables in the same format as in Figure 3. 
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Figure 6. Ionospheric Hall and Pedersen currents at middle latitude (45.6° magnetic latitude (MLAT)), reproduced by the REPPU global simulation model. (a,b) show eastward (westward) Hall and Pedersen currents in red (blue) color, respectively. (c,d) show northward (southward) Hall and Pedersen currents in red (blue) color, respectively. The vertical axis is the magnetic local time (MLT) and the horizontal axis is the simulation time (hh:mm). 
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Figure 7. Ionospheric Hall and Pedersen currents at low latitude (17.0° MLAT), and the equatorial Pedersen (Cowling) current, reproduced by the REPPU global simulation model. (a–d) are in the same format as (a–d) in Figure 6. (e) is in the same format as (b). 






Figure 7. Ionospheric Hall and Pedersen currents at low latitude (17.0° MLAT), and the equatorial Pedersen (Cowling) current, reproduced by the REPPU global simulation model. (a–d) are in the same format as (a–d) in Figure 6. (e) is in the same format as (b).



[image: Atmosphere 13 00580 g007]







[image: Table] 





Table 1. List of the National Institute of Communications and Technology (NICT) space weather monitoring magnetometer stations.






Table 1. List of the National Institute of Communications and Technology (NICT) space weather monitoring magnetometer stations.





	
STATION

	
COUNTRY

	
GEOGRAPHIC (deg)

	
GEOMAGNETIC (deg)

	
MLT

UT+




	
Latitude

	
Longitude

	
Latitude

	
Longitude






	
PTK,

Paratunka

	
Russia

	
52.94° N

	
158.25° E

	
45.58° N

	
221.13° E

	
10.6




	
OKI,

Okinawa

	
Japan

	
26.78° N

	
128.25° E

	
16.95° N

	
198.69° E

	
8.4




	
YAP,

Yap

	
Micronesia

	
9.49° N

	
138.09° E

	
0.51° N

	
209.45° E

	
9.1

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  atmosphere-13-00580


  
    		
      atmosphere-13-00580
    


  




  





media/file8.jpg
Correlation Coefficient

7

H

o
H

o

s

= o8]

3

o
.
0
o

Afternoon sector

T NGNS
s

x an

02 46 8101214161820 222 22830 2 3%
DP2 Events

T =

» B 18

S P Pt

Pairsof Variables

*PTKHD
XPTKO-EE)

0 PTKO-OKIH
2 PTKO-OKID





media/file11.png
Vo
o
N

Jeast (Hall) (45.6 MLAT)

24 . m

18 _f ‘ L f_

12 -
" o e > 5
0 : v v 1 T ] T v ' T ' T :
02:00 02:15 02:30 02:45 03:00 03:15 03:30
(c) Jnorth (Hall) (45.6 MLAT)

24 : 1 " 1 t " 1 L L | L s | “
18 : - :
o e

: . R :

6— | 5
0 i PO e R e o S 17 P S [T e P S B :
02:00 02:15 02:30 02:45 03:.00 03:15 03:30

nN s

o
Current (10 A/m)

MLT (hour)

MLT (hour)

(b)  Jeast (Pedersen) (45.6 MLAT)
24 i - 1 L 1 L L | M 1 L L l %
] o T
3 = =
L o PP
3 - S
121 R0
] ‘\ o N
6— - § 25
1 F O
i3 o
02:00 02:15 02:30 02:45 03:00 03:15 03:30
(d)  Jnorth (Pedersen) (45.6 MLAT)
24 — i 1 " 1 i n 1 1 : 1 i} n 1 L
= o LN
1 = =
e -R22
: '. . Flf S
12 7 FHo T
E || 3
6 = 5
] £ o
0 1K
02:00 02:15 02:30 02:45 03:00 03:15 03:30





media/file6.jpg
(a)

———y






media/file1.png
Region-1 Field-Aligned Current

1

/

Field-Aligned .B‘. ‘

g Region-2

2 Field-Aligned
‘ Current

High Latitude

Region 2 " | I
|
|
|
|

ce(H-D)<0
cc(H -EEJ)<0 Bell Carvest cc(H-D)<0
ce(D-EEJ)>0 - cc(H - EEJ)> 0 Mid Lgtitude
cc(D-EEJ)<0

Pedersen Current

quator






media/file13.png
MLT (hour)

MLT (hour)

(@) Jeast (Hall) (17.0 MLAT) (b)  Jeast (Pedersen) (17.0 MLAT)
243 —F2 24 : = : ; CE2
E I. d — ] & —
18- B 18- B E
3 = o 5 e E o
E r > 3 3 F ?
12 |. e "o = £ 12 Flhoz2
LD S— 1 e 1K
6 —F-15 6 RS
7 r o ‘ o o
. T T { PR T T F -2 0 ] T T T T F _2
02:00 0215 02:30 02:45 03:00 03:15 03:30 02:00 02:15 02:30 02:45 03:00 03:15 03:30
(C) _ Jnorth (Hall) (17.0 MLAT) (d) Jnorth (Pedersen) (17.0 MLAT)
24 —g2 24 ‘ o
18 S I 18] R E
r @ 5 ] o ®
Fl s 2 3 Fll oo
12 FEo= < 12+ = FHo2
1 - [ SR——— 1P
6 1 —F-15 6 —E-15
' (@] 1 - (@]
0 T T o T T T T e e e Il =2 0 ] T T T T F 2
02:00 02:15 02:30 02:45 03:00 03:15 03:30 02:00 02:15 02:30 0245 03:00 03:15 03:30
(e | Jeast (Pedersen) (0.0 MLAT) _
o 40
20 E—
FR20FE
15 - 3
2 EHo 2
g 10 ;— jé
< R |
: - K20
02 00 02.15 02.30 0245 03.00 03:15 03:30






media/file10.jpg
;Ab) Jeast (Pedersen) (45.6 MLAT)

o
o s e wo s ©0 o s @0 o2 0900 osrs

O omunusonan @) sy s s

. 4
.l
1}

T oy

" g g gy T Ty





media/file7.png
[~7)

[~7]

—_
4}

)

20010731 Correlotions(EEJ OKI PTK)

200

T HP Windows=50min cc(EEJ=OKIH)= 087 ee(EEI=PTHD)=~0.81 3
C ce(EEJ-OKID)= =024  cc(OKID-PTHD)= 0.66 ]
C co(EEJ=PTHH)= 0.96  colPTKH=PTKD)= -0.8§ b,
100 -
gl ety T e ——— e eesrassatas J OKiH&Ds3
of _
. EEJEYAP1

snaailsssalasssabaialasas

g

000 04:30 05:00 05:30
uT
(b) 20020728 Correlotions(EEJ OKI PTK)
1ﬂ'—---r'---q|qq11|.1..[rrpr|- Trrrrfroreey
L WP Windaw=60min cc{EE)-OKIH)= 0.87 ce{EEJ-PTKD)=-0.86
N cc{EEJ-OKID)=-0,93  cc{0KID-PTKD)= 0.BB
100 ce{EEJ-PTHH)= 0.98 ee(PTKH=PTKD)=~0.89

.....
--------

. B el
et o i sy g T = rrm

| ——

OKIH&D3

'mEra | T P P

4

2
8

20030422 Correlotions(EEJ OKI PTK)
T - v T o v T

100 T

- HP Window=80min cc{EEJ=OKIH)= 0.93 co(EES=PTKD)=~0.80 7

i cc{EEJ-OKID) = ~0.81 co(OKID=-PTKD)= 0.93 7

i cc(EEJ=PTHH)= 0.92  co(PTKH=PTKD)=-0.85 il

S0 -

o — B

W S OKMADS

s s -

EEJ&YAP=1
PTEH&D=1
=100 i i i
04:30 05:00 05:30 06:00 06:30
ur
(d) 20020330 Correlations(EEJ OKI PTK)
‘m-.—rrr;--. ) B B B S B e S e e S S e e i B i me S i S S e e e m e e a ]
= HP Window=S0min co(EEJ-OKIH)= 0,80 cc{EES-PTKD)=-0.92 -
N co(EEJ-OKID)=~0,14 co{0KID-PTED)= 0.42 ]
100 = colEEN-PTKH)= 0.92 cc{PTRH=PTKD)= ~0.92 =
.............................................  p—
50 e T T T ———— = 3
T N S | :
C 7 EEJ&YAPe1
-50 :_ _'-'

L et e, a .
100 = PTKH&D
=150 i 1 | i 1 1 | 1 ]

0Xx00 0310 0320 0Xx30 O0X40 O350 04:00 0410 0420 D4:30
uT





media/file12.jpg
LT fhowr)

LT (houn)

@ seast wan (17, (b) __doast (Pdorsen) (17
B ey " ) __doast Podersen) 170 MLAT
" f -

. I .08

s ——— YRR

o oars w0 w2 oo ms 0w Gom s e o wov ovis W

9o tan (roman

ﬂ
i

w G G e wo ows

oy

Gl (10° )

@ o (pedersen) (17.0MLAT

o 1
w s G e @ s w0

(e) Jsast (Pederser) (0.0 MLAT)

o






media/file9.png
Correlation Coefficient

Correlation Coefficient

0.8
0.6
0.4
0.2

0.2
0.4
-0.6
0.8

0.8
0.6
0.4
0.2

-0.2
-0.4
-0.6

Afternoon sector

A a
A A A
Fal
A A A
A A A A}
A

¥ AA

T &
& X o

o
o0 oo X x°0% o @ o R

g*g!ﬁ. "g-- %'lxné*' 'Qgiégix 'Q;

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
DP2 Events

: R

:

F
o® o

0
Q’ﬂ*" ?.-iﬂe" Q""\%"

P W B P, s
A} R 0‘_.‘@\

L ® YALNENENY
0 0 N

Pairs of Variables

e PTKH-D

X PTKD-EEJ
o PTKD-OKIH
A PTKD-OKID





media/file5.png
0.8
0.6
0.4
0.2

-0.2
04

Correlation Coefficient

-0.6
-0.8
-1

0.8
0.6
0.4
0.2

-0.2
-0.4
-0.6

Correlation Coefficient

Morning sector

Ed

ENEAK A Ay, gAYA ,
ATXTR TR xkRxK  gBR  RBRAARKRRALKRAXXARK
A
X o A A xx X
O o
o)
A O

Ll L X ®
.- ee®

o)
sege .
000 00 070000 0 Leg0e®e’e

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

DP2 Events

TTT

L& Tl

O L W0 ©® WO 0 o a0 g
T j & < g o - ©° o SR

Pairs of Variables

e PTKH-D

x PTKD-EEJ
o PTKD-OKIH
A PTKD-OKID





media/file3.png
—
1
1

2&030506 Correlohons(EEJ OI{I PTI{)

100 T
" MP Window=60min cc{EEJ—OF.IH)-—D.?u cc{EE.I PTKD)= n;a T
~ ec{EEJ-DKID)= 0.97 ec{OKID-PTKD)= 0.94 .
- ul;_E_IE.I PTKH)==0.85  cc{PTKH=-PTKD)=-0.95 y
o ... S -
- _— L . ORIH&EDS
or T T =
i EEJ&YAPs1
. L PTKH&D1
-1m‘ i i i i i j
21:20 21:26 21:33 21:40 21:486 21:53 22:00
ur
(b) 2003-0?(}3 Correlations(EEJ OKI PTK)
100 . S AL ————
© HP Window=60min eci_'EEJ—Dltm)- -0.58 ce{EEJ-PTED)= 0.96 9
- ec{EEJ-DKID)= 0.90 cc{0MID-PTKD)= 0.B4 .
i ce{EEJ-PTKH)==0.87  ce(PTKH-FTKD)=-0.94 .
M e P Y m

(1)

(f:)

20020302 Carrelalluns(EE..l DKI PTK]

1& C L - .
- HP mm-mm a:{m ﬂ-m-:)- —o.:.u nt{EEJ Pmo}- 0.92 E
" ce{EES-0KID)= 0.96 cc{0sID-PTKD)= 0.91 N
100 = cc(EES-PTHH)=~-082  cc(PTKM-PTKD)=~0.81 -
L .". 2 " .IH'. ‘_. "'I " -
b & o e : o

.........

T —
T

II"-._'!
i b L

| P

T i PP PP
2‘1 10 21:20  21:30  21:40 2210 2320
ur

(d)

20010528 Correlations(EEJ OKI PTK)

L L L
" HP Window = 60min cc{EEJ-ONIH)= 0.63  cc(EEJ-PTKD)= 0.96
i cc(EEJ-ONID)= 097  cc(OKID-PIKD)= 0.97
i ce(EEJ=PTKH)==0.76  cc{PTKH=PTKD)=-0.85 7
b "F—‘I-‘-\. =
S0~ i \ T
. p 4
-

L i i
22:30 22:40 25:00 25:20

i 'l
2210 2220

22:50 2510
urt

CKIH&D=3

22:30

OKIH& D3

EEJ&YAPa

PTEH&D=1





media/file4.jpg
Morning sector

G T WG i T T LY I ey
7 Sk BREAGRRagaRn 1 1a"
T Exaln
08 |x a Abx
©a & xx -
05 it
a0
as [,
02| o ° "
o o °
02

Correlation Coefficient

Correlation Coeffg

02 46 8101214161820 22 24 26 28 30 32 34 36 3

0p2 tvents
:

os FTP
os .
o .

o

o

«

04/ H

06| T .
| 3
0 o (6% o 5 o o

Pairs of Varables.

*PTKHD
x PTKO-EE)

© PTKD-OKIH
& PTKD-OKID





media/file0.jpg
Region-1 Field-Aligned Current

Region2
Field-Aligned

- Region-2
Field-Aligned

ce(l-D)<0
ce(ll - EET)<0 Bl Caret cc(H -D)<0
ce(D-EET)>0 ce(H - EEJ)>0 Mid Latitude

ce(D - EEJ)<0
Pedersen Current

Penetrated Electric Field





media/file2.jpg
[






