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Abstract

Aims. The heliospheric current sheet (HCS) has been observed to be southward shifted in the late declining to minimum phase of the solar cycle. Here we study the existence of a simultaneous shift in the heliosphere and in the corona using a robust new method.

Methods. We use the synoptic maps of the photospheric field of the Wilcox Solar Observatory (WSO) and the Mount Wilson Observatory (MWO) together with the potential field source surface (PFSS) model to calculate the coronal magnetic field and compare it with the simultaneous heliospheric magnetic field of the NASA/NSSDC OMNI 2 dataset. We divide the magnetic field into the two sectors, towards (T) and away (A) from the Sun, and calculate how often the sector polarities at 1 AU and in the corona match each other. We divide the sectors both at 1 AU and in the corona. We also calculate the annual (T − A)/(T + A) ratios of sector occurrence both at 1 AU and in the corona.

Results. We verify that the HCS/neutral line is southward shifted both in the corona and heliosphere. We find that the coronal shift is systematically larger than the simultaneous heliospheric shift.

Conclusions. The fact that the southward shift of the coronal neutral line is larger than the simultaneous shift of the heliospheric current sheet at 1 AU implies that the radial evolution of the magnetic field between the two sites is different between the northern and southern hemispheres.
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1. Introduction
Solar wind is a flow of charged particles that originates in the solar atmosphere and extends to the whole heliosphere. Heliospheric magnetic field (HMF), the extension of the coronal magnetic field, is frozen into the flow of the solar wind plasma, and has a sector structure (Wilcox & Ness 1965), with magnetic field lines pointing either towards (T-sector) or away (A-sector) from the Sun. The T- and A-sectors are separated by the heliospheric current sheet (HCS).
Coronal plasma has a relatively low density, which makes the coronal magnetic field difficult to measure. However, it is possible to reconstruct the coronal field using the measured photospheric magnetic field as a boundary condition. The potential field source surface (PFSS) model (Altschuler & Newkirk 1969; Schatten et al. 1969) is one of the simplest models and has long been used to estimate the coronal magnetic field. The coronal footpoint of the HCS, that is, the line between positive and negative polarity fields, is called the neutral line.
A series of studies has established that there is a persistent hemispheric asymmetry in the HMF and in the mean latitudinal location of the HCS. Mursula & Hiltula (2003) found that during the late declining to minimum phase of the solar cycle the field dominant in the northern hemisphere of the Sun extends over a wider area, causing the HCS to tilt southwards. They called this phenomenon the bashful ballerina. Direct solar observations soon verified the southward shift of the HCS/neutral line during the observed cycles 21 and 22 (Zhao et al. 2005). Hiltula & Mursula (2006) showed that this asymmetry has been in existence since at least 1926. Two studies using Ulysses measurements independently verified that the field in the northern polar cap in the heliosphere was weaker than in the south, leading to a 2° southward shift of the HCS during the fast latitude scans in 1994–1995 and 2007 (Erdös & Balogh 2010; Virtanen & Mursula 2010). However, the maximum momentary shifts observed in the solar corona varied from cycle to cycle, being about 5°, 6° and 3° for cycles 21, 22 and 23, respectively (Virtanen & Mursula 2016). These values are in agreement with the momentary shifts found by Zhao et al. (2005) in the solar corona of about 4° and 6° of cycles 21 and 22, respectively. During the peculiar solar cycle 23, the north-south asymmetry was weaker, most likely due to persistent low-latitude coronal holes which changed the structure of the solar magnetic field and the streamer belt (Wang et al. 2009; Mursula & Virtanen 2011; Lukianova & Mursula 2011; de Toma 2011; Abramenko et al. 2010).
In a recent paper (Koskela et al. 2017) we calculated the PFSS coronal field using different source surface distances and a different number of harmonic multipoles, and compared the matching of the polarity of the coronal field with the polarity of the HMF at 1 AU. We found that the PFSS model can predict the sector structure at the Earth’s orbit very well, with an overall polarity match percentage of about 80%. In this work we introduce a new and straightforward method to compare the southward shift of the HCS/neutral line derived in the corona with the shift measured in inner heliosphere at 1 AU. We calculate the polarity match percentages between the HMF at 1 AU and the coronal field for the two sectors separately, making the sector division in two different ways: one based on the HMF observed at 1 AU, and another based on the coronal field. The paper is organized as follows. In Sect. 2 we introduce the data sets used in the analysis, and discuss our method. In Sect. 3 we calculate the sectoral polarity match percentages. In Sect. 4 we calculate the ratio of T- and A-sector occurrence, and in Sect. 5 we give our summary.
2. Data and methods
The heliospheric parameters (solar wind and HMF) are retrieved from the NASA/NSSDC OMNI 2 dataset. We use the hourly OMNI 2 data which we smooth with a 25 h running mean in order to remove short-term fluctuations. We require at least 7 h of data for each 25 h running mean window, otherwise the hour is neglected. According to Lockwood et al. (2006) the averaging length should be chosen so that the small-scale structures originating during heliospheric propagation are averaged out, but the actual large-scale sector structure is not. An approximately one-day averaging period was found to be a good compromise. The window of 25 h corresponds to 13.2° in Carrington longitude.
We calculate the coronal field with the potential field source surface (PFSS) model (Altschuler & Newkirk 1969; Schatten et al. 1969), using photospheric synoptic maps from Wilcox Solar Observatory (WSO) for Carrington rotations 1643–2183 (1976 June 23–2016 November 16) and from Mount Wilson Observatory (MWO) for Carrington rotations 1618–2130 (1974 August 11–2012 December 2), as the radial photospheric boundary condition. The WSO (MWO) synoptic maps have a resolution of 72 (971, respectively) bins in longitude and 30 bins in sine latitude (512 bins in latitude). The harmonic coefficients have been calculated from synoptic maps in the way described in Virtanen & Mursula (2017). The main assumptions of the PFSS model are that there are no currents between the photosphere and the source surface, and that the magnetic field is assumed to be radial on the source surface. Field lines that pass the source surface are open and contribute to the HMF. The PFSS model produces a latitude-dependent field, which is against the observations by Ulysses (Smith & Balogh 1995). Moreover, the PFSS model, like some other coronal models, is known to underestimate the amount of open flux (Wang & Sheeley 1995; Ulrich 1992; Linker et al. 2017). However, neither of these problems affect our method, which is based on the sector structure, and thus the topology of the field, rather than its intensity.
In order to compare the fields at 1 AU and in the corona, we proceed as follows. We first determine the coordinates of the source surface origin (footpoint) of the magnetic field measured at 1 AU. We calculate the longitude of the solar wind source by assuming that the solar wind moves radially outward at the constant speed observed at 1 AU (see Koskela et al. 2017 for details). The source longitude is the longitude of the central meridian of the Sun at source surface at time t − Δt, where t is the time of the HMF observed at 1 AU and Δt is the delay time of the solar wind transit from the corona to 1 AU. The source latitude is chosen to be equal to the Earth’s heliographic latitude at time t. We select the Carrington rotation including the emission time t − Δt, and use the harmonic coefficients of the related photospheric synoptic map to calculate the PFSS coronal field at the source latitude and longitude on the source surface. Then the heliospheric field at 1 AU and the corresponding foot-point field at the source surface can be compared. In order to account for the 25 h smoothing of the observed radial HMF, we calculated, for each hour at 1 AU, the PFSS solution at 25 locations around the central longitude, separated by 0.55° (corresponding to 1 h), that is, with longitudes ranging from λ0 − 12 × 0.55° to λ0 + 12 × 0.55° . These 25 values were then averaged, to give the (smoothed) coronal field corresponding to the (smoothed) HMF at 1 AU.
We use the polarity match (PM) percentage to compare the coronal field and the HMF measured at 1 AU. Polarity match percentage is determined for each Carrington rotation by calculating the fraction of those hours for which the (smoothed) coronal radial field has the same sign as the (smoothed) sector component at 1 AU. We only take into account rotations in which the total number of smoothed hourly OMNI 2 data points is at least 200 (30% coverage of hourly samples per rotation). We also smooth the rotational PM percentages to running means of 13 rotations, with a requirement of at least 4 rotations with PM values in one mean. We calculate the PM percentages separately for T- and A-sectors.
We use the polarity match (PM) percentage to compare the coronal field and the HMF measured at 1 AU. PM percentage is determined for each Carrington rotation by calculating the fraction of those hours for which the (smoothed) coronal radial field has the same sign as the (smoothed) sector component at 1 AU. We only take into account rotations in which the total number of smoothed hourly OMNI 2 data points is at least 200 (30% coverage of hourly samples per rotation). We also smooth the rotational PM percentages to 13-rotation running means, with a requirement of at least 4 rotations with PM values in one mean. We calculate the PM percentages separately for T- and A-sectors.
At 1 AU we use the plane division (By − Bx < 0 for T-sector and By − Bx > 0 for A-sector, in the GSE coordinate system) to define the sectors, and in the corona we use the radial division (Br < 0 for T-sector and Br > 0 for A-sector). For example, if for one hourly value By (1 AU) − Bx (1 AU) < 0, we have a T-sector at 1 AU during this hour. Then, if in addition Br (rss) < 0 at the coronal source of the hourly HMF value, polarities match during this hour, but if Br (rss) > 0 they do not match. We note, however, that the sector definition can be done either based on the HMF observed at 1 AU or on the coronal field. Moreover, since polarity matching is not perfect, the PM value is dependent on the location where the sector definition is made (see Sect. 3). Therefore, if we define the sectors based on the coronal field, we obtain somewhat different PM percentages than when using sector division at 1 AU.
We also compare the asymmetry at the HCS/neutral line in the heliosphere at 1 AU and in the corona by calculating the (T − A)/(T + A) ratio of the occurrence of the two sectors at these two locations. First, for each year, we determine the number of hours when the magnetic field radial component at Earth’s orbit is negative (T-sector), and positive (A-sector), and then calculate the (T − A)/(T + A) ratio at 1 AU for that year. We also calculate the same ratio for the footpoint field values in the corona.
3. Polarity match percentages for two sector divisions
Figure 1 shows the polarity match percentages between the coronal (PFSS source surface) magnetic field based on WSO synoptic maps and the heliospheric field, for the T- and A-sectors separately. In the top panel the sectors are defined with the plane division at 1 AU, and in the bottom panel with the radial division in the corona. Figure 1 includes a few long time intervals when there is a large difference in PM percentage between the two sectors. In the top panel the PM percentage of the A-sector is considerably higher than the T-sector in 1977–1978, 1992–1995, 2006, 2010, and 2014–2015, but lower than the T-sector in 1985–1986, 2003–2005, 2009, and 2012. We note that the WSO results from 1996–2001 (noted as dotted line in Fig. 1) are erroneous at these times (Virtanen & Mursula 2016).

	[image: thumbnail]	Fig. 1.
Polarity match percentages between the HMF at 1 AU and the coronal field based on WSO data (rss = 3.5 R⊙, nmax = 9) with T- (blue) and A-sectors (red) defined with the plane division at 1 AU (top panel) or with the radial division in the corona (bottom panel). Rotational values have been smoothed to the running means of 13 rotations. Time of erroneous WSO data is denoted by a dotted line.





On the other hand, in the bottom panel of Fig. 1 the A-sector has a higher PM percentage than the T-sector in 1985–1986, 2002–2003, 2005, and 2015, while the T-sector has a higher PM than the A-sector in 1977–1978, 1989–1990, 1993–1995, and 2010–2012. Interestingly, most of the times when there is a notable asymmetry in PM percentage between the A- and T-sector are the same in the two panels of Fig. 1, but their asymmetries are opposite. This is particularly true for 1977–1978, 1985–1986, 1993–1995 and 2003–2005, which coincide with the times of the bashful ballerina (Virtanen & Mursula 2014).
To further verify the WSO result, especially because of the error of WSO data in 1996–2001, we have calculated the polarity match percentages also using the synoptic maps from MWO. Figure 2 shows the polarity match percentages between the HMF and the coronal field for the same two sector definitions as in Fig. 1, using the MWO synoptic maps from 1974 to 2012. Figure 2 shows the same pattern of opposite asymmetries between the two polarities for the two sector definitions and verifies the main asymmetries of Fig. 1 in 1985–1986 and 1992–1995. Moreover, MWO data depict no large asymmetry in 1996–2001 contrary to the erroneous WSO data (Fig. 1).

	[image: thumbnail]	Fig. 2.
Polarity match percentages between the HMF at 1 AU and the coronal field based on MWO data (rss = 3.5 R⊙, nmax = 9) with T- (blue) and A-sectors (red) defined with the plane division at 1 AU (top panel) or with the radial division in the corona (bottom panel). Rotational values have been smoothed to running means of 13 rotations.





Figure 3 shows how a southward shift of the HCS/neutral line that is larger in the corona than at 1 AU can explain the different PM percentages in the two cases of sector definition depicted in Figs. 1 and 2. Figure 3 shows, as an example, the case of a negative solar polarity minimum, when the T-sector is dominant in the northern hemisphere, with the simplifying assumption that the whole area above (below) the HCS/neutral line is in the T-sector (A-sector). If we define the sectors at 1 AU, as shown in the top panel of Fig. 3, we get a 100% match for the T-sector, since the whole area of the T-sector observed at 1 AU is mapped to the T-sector in the corona. However, there is a small area (shown in gray shading) within the A-sector at 1 AU which is erroneously mapped to the coronal T-sector, lowering the A-sector match percentage. On the other hand, if we define sectors based on the coronal field, as shown in the bottom panel of Fig. 3, the situation is reversed and the match percentage for A-sector is 100%, and less than that for T-sector. In reality the sector structure distribution is more complicated than the simplified view of Fig. 3, and the actual match percentages are less than 100% even for the sector in the optimum shift configuration.

	[image: thumbnail]	Fig. 3.
Sketch showing how a larger southward shift (SWS) of the HCS/neutral line (thick horizontal bar) in the corona than in the heliosphere affects the polarity match, depending on whether the T-sector (blue) and A-sector (red) are defined at 1 AU (top panel) or in the corona (bottom panel).





Accordingly, Fig. 3 predicts that during negative solar polarity times, like in the 1980s and 2000s, when the T-sector (A-sector) is dominant in the northern (southern) hemisphere, the PM for heliospheric T-sector should be larger than for the A-sector and the PM for the coronal T-sector should be smaller than for the corresponding A-sector. During the positive solar polarity times, such as those during the 1970s, 1990s, and 2010s, when the A-sector (T-sector) is dominant in the northern (southern) hemisphere, the reverse is predicted.
Figures 1 and 2 verify these predictions for the declining to minimum phases of solar cycles 21–23 (partly cycle 20). During cycles 20–22 the difference in the PM percentage between the two sectors is large, but during cycle 23 the sectoral asymmetry is weaker and less continuous (Mursula & Virtanen 2011). We also note that if the southward shift of the coronal neutral line was smaller than the HCS shift at 1 AU, the PM percentages would be opposite to those observed. Thus, our results show that the southward shift is indeed larger in the corona than in the heliosphere.
4. Sector asymmetry ratios
Figure 4 shows the annual (T − A)/(T + A) sector asymmetry ratios for 1 AU obtained from OMNI 2 data, and for the solar corona using WSO and MWO synoptic maps. The ratio at 1 AU is calculated by counting the annual number of hours when a T-sector (A-sector) is measured, denoted by T (A). For WSO and MWO the number of T and A hours is calculated based on the sign of the coronal field at the coronal footpoint location of the magnetic field measured at Earth.

	[image: thumbnail]	Fig. 4.
(T − A)/(T + A) ratio measured with OMNI data (green) and predieted using WSO (blue) and MWO (orange) synoptic maps. The erroneous WSO times have been plotted with a dotted line.






Mursula & Hiltula (2003) first calculated the (T − A)/(T + A) asymmetry ratio for OMNI 2 data, and found a statistically significant variation with the solar 22 year magnetic cycle, implying a southward-shifted HCS. The ratios at 1 AU and in the corona have mostly the same sign in Fig. 4, indicating that the (annually averaged) asymmetry has the same orientation at the two locations. We note, however, that in 1985–1986 (1977–1978, 1992–1995), the T-sector occurrence is considerably larger (smaller) in WSO and MWO data than at 1 AU. Since in 1985–1986 (1977–1978, 1992–1995) the T-sector (A-sector) was dominant in the northern hemisphere, this difference in asymmetry between the corona and 1 AU further verifies the above observations that the neutral line/HCS was shifted more to the south in the corona than at 1 AU. After 2000 the difference in PM percentage between the two locations decreases, in agreement with the smaller differences depicted in Fig. 1.
These results strongly suggest that there was a systematic southward shift in the neutral line/HCS in the 1970s, 1980s, and 1990s, both in the solar corona and in the heliosphere at 1 AU, and that this shift was considerably larger in the corona than at 1 AU. During solar cycle 23 the north-south asymmetry was weaker (Mursula & Virtanen 2011), probably due to the weaker polar fields. Weak polar fields make it easier for random surges of either polarity to destroy the systematic asymmetry of the polar field.
5. Conclusions
We have studied the simultaneous hemispheric asymmetry of coronal and heliospheric magnetic fields with a new, robust method. This involves calculation of the rotational polarity match percentages between the corona and 1 AU separately for the towards and away sectors, and division of the sectors using either the field observed at 1 AU or the coronal field.

Mursula & Hiltula (2003) showed that during solar minima there is a systematic southward shift of the HCS, calling this phenomenon the bashful ballerina. They used hourly OMNI data to calculate the annual ratios of sector occurrence (T − A)/(T + A), and showed that, in the late declining to minimum phase of the solar cycle, the sector dominant in the northern hemisphere is detected more often. Zhao et al. (2005) used the PFSS model with WSO photospheric data to calculate the solid angles occupied by the positive and negative coronal fields, and estimated the north–south HCS displacement from 1976 to 2001. They found a long-lasting interval when the coronal neutral line was southward shifted during the late declining phase of both studied solar cycles 21 and 22. Virtanen & Mursula (2016) extended the Zhao et al. (2005) analysis to show that, according to the six instruments they used, there is a systematic north-south asymmetry in the corona during four solar cycles.
In this paper we present convincing evidence that the southward shift of the neutral line in the corona is larger than the simultaneous HCS shift at 1 AU. This conclusion is based on a systematic difference in the sectoral polarity match (Fig. 1), which depends on whether we define the sectors at 1 AU or in the corona. We have also calculated the annual (T − A)/(T + A) sector occurrence ratios both at 1 AU and in the corona (Fig. 4), and find that during the bashful ballerina years, the ratio at 1 AU is smaller than the ratio in the corona. This further supports the idea of a larger southward shift in the corona than at 1 AU. Our results strongly suggest that the radial evolution of the HMF is different in the northern and southern hemispheres, at least during these specific times that form a considerable fraction of the solar cycle. Although detailed physical explanations will remain the topic of subsequent studies, a possible cause could be related to how the magnetic or plasma pressure evens out the large asymmetry in the heliosphere.
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	[image: thumbnail]	Fig. 1.
Polarity match percentages between the HMF at 1 AU and the coronal field based on WSO data (rss = 3.5 R⊙, nmax = 9) with T- (blue) and A-sectors (red) defined with the plane division at 1 AU (top panel) or with the radial division in the corona (bottom panel). Rotational values have been smoothed to the running means of 13 rotations. Time of erroneous WSO data is denoted by a dotted line.
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Polarity match percentages between the HMF at 1 AU and the coronal field based on MWO data (rss = 3.5 R⊙, nmax = 9) with T- (blue) and A-sectors (red) defined with the plane division at 1 AU (top panel) or with the radial division in the corona (bottom panel). Rotational values have been smoothed to running means of 13 rotations.
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Sketch showing how a larger southward shift (SWS) of the HCS/neutral line (thick horizontal bar) in the corona than in the heliosphere affects the polarity match, depending on whether the T-sector (blue) and A-sector (red) are defined at 1 AU (top panel) or in the corona (bottom panel).
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(T − A)/(T + A) ratio measured with OMNI data (green) and predieted using WSO (blue) and MWO (orange) synoptic maps. The erroneous WSO times have been plotted with a dotted line.
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