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Proposal:  Solar Variability and Origins of Space Weather Investigations at WSO

1. Overview:

The Wilcox Solar Observatory at Stanford University (WSO) has a unique capability to make routine observations of the large-scale field with high accuracy and an accurate determination of the zero level. WSO provides one of the longest uniform records of large-scale solar magnetic fields. The nearly 30-year magnetic field record from WSO is used by us and many other researchers worldwide. Both the low-resolution magnetograms and daily mean field observations have proven useful.

1.1 Improving Near Earth Solar Wind Speed and Interplanetary Magnetic Field Predictions 

The empirical inverse correlation between the magnetic flux tube expansion factor, FTE, at the source surface and the solar wind speed at Earth has been made use of in the prediction of solar wind speed near the Earth with reasonable accuracy (Arge and Pizzo, 2000 and references therein). However, the correlation between the FTE and the solar wind speed at Earth is not consistently high always (actually the correlation coefficients obtained for each year are almost always lower than 0.50, sometimes even lower than 0.3) and the discrepancies between the observed and predicted solar wind speed are quite significant (Poduval and Zhao, 2004). The major cause for the discrepancies may be in neglecting the effect of stream-stream interaction taking place while the solar wind propagates from Alfven critical point to the Earth orbit. It is understandable since the effect of stream-stream interaction on the profiles of the solar wind speed and the interplanetary magnetic field (IMF) strength near the Earth is so strong that the profiles significantly differ from the profiles near the Alfven critical point. For example, the ambient radial IMF strength near the Sun is almost uniform, as shown by observations of Ulysses. However, the profile of radial field strength observed near the Earth is certainly not uniform, so that the daily radial IMF strength near the Earth is still unable to predict by extrapolating the Carrington synoptic map of the photospheric magnetic field, though the IMF polarity has been successfully predicted since early 1980s.  It is thus expected that using a two-step prediction scheme, i.e., first predicting the solar wind speed and the ambient radial IMF near the Sun, and then predicting the solar wind speed and the radial IMF near the Earth, would be more reasonable and reliable than the one-step scheme.

1.2 What is the origin of recurrent high-speed solar wind streams in the declining phase of Solar Cycle 23?

Description: Recurrent high-speed solar wind streams during the declining phase of the solar cycle drive some of the largest and most predictable geomagnetic disturbances.  These correspond to the location of the tilted dipolar field of the Sun in the declining phase.  However, in past cycles low-latitude extensions from either the northern or southern polar coronal holes have dominated.  The hemisphere determines the magnetic polarity of the stream and thus the timing and severity of geoeffective interactions with the streams.  The coronal configuration depends on the arrangement of the photospheric flux pattern resulting from the emergence and dispersal of active regions.  How far in advance can these recurrent streams be predicted?  How long do they last?  What is the relationship to the polar cap field?  Do they influence the next solar cycle?

1.3   Solar Cycle Studies

It has been demonstrated observationally that the solar 23rd Cycle is abnormal (compared with the 21st, 22nd cycles): the magnetic flux is weak in both polar regions and the active region zones (Dikpati et al. 2004); amount of sunspots is less (Wang and Sheeley, 2002); polar field reversal is slow (Arge, et al. 2002); radial interplanetary magnetic field (IMF) strength is low (Wang and Sheeley, 2002); and the geomagnetic activity is low (Bothmer et al. 2005). We propose to carry out a study to search for the intrinsic link that presents a complete physical picture illustrating why Cycle 23 possesses such properties.

1.4 WSO data used in outside research

An important component of our effort is dedicated to making the WSO data available to others. The large-scale photospheric data and coronal field model results are used in a wide variety of correlative studies. Our models are continually being improved and updated.  We will continue to publish WSO data monthly in Solar Geophysical Data, and also make data and related derived products available in our website. There are numerous requests for solar magnetic field harmonic coefficients, computed tilt angles of the HCS, and the polar field strength. These data are used heavily to provide the large-scale content for other investigations.

The daily low-resolution magnetograms are used by us and a number of other regular users to estimate the heliospheric field each rotation. All of the WSO data and a number of standard derived products are available freely to any interested investigators.

Data continue to be published in Solar Geophysical Data and several requests for data are processed automatically each month.  WSO observations and derived products are made available via the web at http://wso.stanford.edu/, via the NOAA National Geophysical Data Center publication Solar-Geophysical Data at http://www.ngdc.noaa.gov/stp/stp.html, and via the NOAA Space Environment Laboratory web pages at http://sec.noaa.gov/Data/solar.html.

CISM and SOLIS investigations will depend on WSO data... [Need some text to describe how CISM models Space Weather using WSO data and how SOLIS uses WSO data to 
1.5 General Operation of WSO

We plan to continue our program of preventative maintenance of the observatory instrumentation.  This will include replacement or resurfacing of those optical components which are presently causing loss of light due to degraded optical coatings.  To ensure reliable operations electronic and computer components will be upgraded as needed.

1.6 SolarMail and SolarNews

In support the general solar physics community we maintain the SolarMail and SolarNews services. They can be accessed via the web at http://spd.aas.org/. In recent years the maintenance of these services takes a minimal effort by Rick Bogart.  Since the upgrade to the web-enabled account maintenance these services require only regular status monitoring and occasional problem solving for those with unusual access problems.  We plan to continue these services so long as they are found to be useful to the community.  This proposal covers about half of the ongoing management cost.

2. Results from Prior NSF Support  

2.1 Source regions of Coronal Mass Ejections (CMEs)

CMEs are large-scale dynamic phenomena in the corona that are believed to originate in large-scale closed field regions having sufficient free magnetic energy to drive the CME material outward against the magnetic tension force of overlying confining closed structures and solar gravity.

Coronal helmet streamers as observed in white light are assumed to be the confining coronal closed field regions. We have shown that there are two kinds of magnetic field topologies that can exist underneath helmet streamers. One is a 'bipolar' closed field region which occurs between coronal holes (open field regions) having opposite magnetic polarity and can include an odd number of arcades. The other is a 'unipolar' closed field region which occurs between coronal holes having like magnetic polarity and can include an even number of arcades (Zhao and Webb, 2003).

We examined the locations of the front-side full halo CMEs from 1996 to 2000 with respect to these two kinds of coronal closed field regions inferred from WSO data. We found that even during solar maximum when the occurrence frequency of the two kinds of regions is nearly the same, the central positions of the front-side full halo CMEs are mostly located under the bipolar coronal streamer belt, suggesting that most full halo CMEs originate in the bipolar closed field region or bipolar helmet streamers (Zhao and Webb, 2003).

We searched for source regions of the 134 broadside CMEs observed by LASCO/SOHO between August 1996 and December 2001 that were associated with microwave prominence eruptions observed by the Nobeyama Radioheliograph. We found that 47% of the 134 CMEs originated in bipolar closed field regions, 43% in unipolar closed field regions, and for 10% the origin is not clear. The mean speed of the CMEs originating in bipolar closed field regions is smaller than those in unipolar closed field regions. Also, the mean angular width of the CMEs originating in bipolar closed field regions is greater than that in unipolar closed field regions, which may help to understand why most of observed front-side full halo CMEs originate in the bipolar closed field region (Zhao, Puduval and Gopalswamy, 2003).

2.2 The storm-effectiveness of front-side full halo CMEs

Full halo coronal mass ejections (CMEs) erupting from the side of the Sun facing Earth, i.e., front-side full halo CMEs, are considered to be a likely cause of major, transient geomagnetic storms. However, this hypothesis has not been tested over a full solar cycle. We compared all front-side full halo CMEs observed during the first half of solar cycle 23, from 1996 to the end of 2000, with geomagnetic storms of Dst less than -50 nT. We showed that the association of front-side full halo CMEs with such storms tends to decrease from 1997 to 2000, though this decreasing trend is not monotonic. Because most front-side full halo CMEs originate in bipolar closed field regions and the inclination of the heliospheric current sheet increases toward solar maximum, the fraction of CMEs emitted into the ecliptic decreases and the inclination of associated flux ropes increases. These effects may be used to understand the solar cycle effect on the geomagnetic storm-effectiveness of front-side full halo CMEs (Zhao and Webb, 2003).

2.3. Examining the relationship between the flux tube expansion factor and the solar speed near the Earth

An inverse correlation has been found to exist between the magnetic flux tube expansion factor at the "source surface" and the solar wind speed observed at Earth. This correlation has been used in the prediction of solar wind speed near the Earth with reasonable accuracy.  However, the correlation between the flux tube expansion factor and the solar wind speed at Earth is not consistently high and the discrepancies between the observed and predicted solar wind speed are quite significant. There are several factors causing this discrepancy. We investigated such factors and estimated errors caused by these factors. We found that the number of multipole components included in the spherical harmonic expansion used in the potential field source surface model has a significant influence on the inferred location of photospheric foot points of coronal features as well as the computation of the flux tube expansion factor. Another important factor is the transit time of solar wind used in the inverse mapping. Approximate values of this parameter that are currently being  used can lead to significant errors in the predicted solar wind speed. We also present a detailed discussion on the importance of considering interaction between slow and fast solar wind streams in the inverse mapping technique (Poduval and Zhao, 2004).

2.4 Active regions and solar transients.   

The interaction between local magnetic fields and global phenomena such as CMEs is important to the understanding of both local and global magnetic fields as well as the mechanisms of CMEs. In research on the formation of sigmoidal structures which may serve as precursors of eruptive events, Liu et al. (2002) presented evidence that reconnection reallocates energy and sets up a magnetic instability by converting mutual helicity into self-helicity. So reconnection provides a possible way to transfer energy from one magnetic system to another and to destabilize magnetic ropes. In this way large-scale magnetic loops that may be related to CMEs can be energized and destabilized by reconnection among the small-scale magnetic flux elements and the large-scale magnetic field.

2.5 Calibrating the offset values induced in SOHO/MDI magnetograms  using WSO mean field observation

Most instruments mathematically zero their full-disk observations in some ways. WSO has a unique capability to make routine observations of the large-scale field with great accuracy and precision without making as many assumptions about the zero level. The WSO full-disk mean field flux with small zero level error offers a unique database for calibrating the offset values contained in simultaneous high-cadence high-resolution observations of photospheric magnetic field obtained by other instruments, such as SOHO/MDI and GONG.

We developed a method to correct the offset in SOHO/MDI full disk magnetograms, and checked it with WSO observation. The offset of SOHO/MDI magnetograms is caused by the shutter noise, which induces a small random shift of the zero point in full disk magnetograms. We fit the distribution of the magnetic field strength with a Gaussian function in order to remove this offset (Ulrich et al.,2002). We also discover a systematic error in the five-minute magnetograms that are the sum of five individual magnetograms computed on-board; this error can be removed together with the offset.  Comparison of the mean field of such corrected magnetograms with the appropriate WSO full-disk mean field shows significant improvement, indicating that this correction is effective and necessary (Liu et al., 2004).

2.6 Community Research Using WSO data

In the past three years numerous studies have used WSO data, there have been six peer-reviewed papers published by Stanford staff solely supported by NSF funding; there have been 24 peer-reviewed papers published with partial NSF funding; 40 peer-reviewed papers published with outside funding; 38 conference presentations with partial or full NSF funding.

[What have CISM and SOLIS done with our data?  Are there any papers published?]

There are a number of researchers who habitually use WSO data (e.g. A. Coyner, A. Narock,  K.S. Balasubramaniam, C. Henney, E. Golubeva, L. Mayer, N. Arge, L. Rastaetter.)   Some publications which have resulted from their work are listed here: Henney, et. al, 2004; Arge, et. al, 2002; Pap, Arge, Floyd, 2002;  [Alas, most of these people do not appear on our publication list (and I cannot access ADS from here – I’ll try again tomorrow)]

3. Proposed Research  

3.1a. Improving The Prediction of the Solar Wind Speed near the Earth

We plan to develop a prediction scheme with two steps. The first step is predicting the solar wind speed without the effect of stream-stream interaction using the calculated FTE. The second step is to input the predicted solar wind speed near the Sun into our 3-D MHD model (Hayashi, 2004) to simulate the stream-stream interaction and to predict the solar wind speed at Earth.

First of all, we will establish an empirical relation between the FTE and the solar wind speed without the effect of stream-stream interaction.  The FTE is usually calculated using the potential field source surface (PFSS) model with two free parameters: the number of multipole magnetic moments, Nmax, and the location of the source surface, Rss, where the magnetic field becomes radial.

The FTE for a specific open flux tube depends on the field strength at the foot point of the open flux tube as well as the field strength at the source surface. The FTE thus strongly depends on Nmax used in the calculation.  The Nmax used in most of literatures is around 30. Figure ? shows the variation of the foot point location and FTEs calculated for three specific starting points at the source surface using Nmax increasing from 9 to 90. The Carrington Rotation number and the location of starting point are shown shown on the top of each panel. Each calculated FTE does not approach a stable value as Nmax increases, and the Nmax around 30 is certainly not an optimum number of multipole magnetic moments. We plan to find out the optimum Nmax so that the calculation of FTE becomes more reasonable and reliable.

   The value of a calculated FTE depends also on the height of the source surface. The source surface is usually set at 2.5 solar radii. Such calculated FTE represents an expansion rate of the near-surface segment of a open flux tube. Except at the cusp point of helmet streamers, most of Alfven critical points are located higher than 10 solar radii. To calculate the FTE for a whole flux tube, we will use our CSSS model with the source surface located at 15 solar radii (Zhao and Hoeksema, 1995; Zhao, Hoeksema and Rich, 2001). By comparing the obtained FTEs for source surface located at 2.5 and 15 solar radii with the solar wind speed without the effect of stream-stream interaction, we may determine which FTE the solar wind speed depends on.

   The solar wind speed observed near the Sun by Helios and IPS will be used to correlate with the FTE calculated using both CSSS and PFSS models. Since the rotation-averaged and/or three-rotation-averaged radial IMF at the Earth are nearly uniform, being a candidate of the ambient IMF, and can be predicted by extrapolating the Carrington synoptic map of the photospheric magnetic field.  In this research, the rotation-averaged and/or 3 rotation-averaged solar wind speed at 1 AU will also be used as a candidate of the solar wind speed without the effect of stream-stream interaction (Whang et al., 2005).

3.1b Prediction of the radial interplanetary field strength at the Earth

The ambient radial interplanetary magnetic field (IMF) component at heliocentric distances of order 1 AU has been shown by Ulysses magnetometer measurements to be essentially independent of heliographic latitude (Smith and Bologh, 1995). Such a configuration may be established because of the very small plasma β in the corona so both longitudinal and latitudinal gradients in the field strength will relax due to the transverse magnetic pressure gradient force, as the solar wind carries magnetic flux away from the Sun. This happens so quickly that the field is essentially uniform by 5 radii (Suess et al., 1996).

The three-rotation average of the observed daily radial IMF amplitude is the candidate of the uniform ambient radial IMF amplitude at 1 AU, and has been predicted using the field amplitude averaged over whole source surface (Wang and Sheeley, 1995).

Using the current sheet-source surface model (Zhao and Hoeksema, 1995) the signed radial IMF strength has been calculated (Zhao et al., 2001).  The correlation coefficient between observed radial IMF strength and that obtained using CSSS model is 0.68,

The WSO solar mean magnetic field (MMF) is observed using the longitudinal Zeeman effect of the solar absorption line 525.0nm in a light beam from the total solar disk (Scherrer, 1973). The time variation of solar MMF has shown to correlate well with those of the radial IMF component (Kotov et al., 2002). The correlation

coefficient between three-month averages of radial IMF strength and the MMF observed from 1968 to 2000 at four observatories (the Crimean Astrophysical Observatory, MWO, WSO and Sayan Solar Observatory) reaches 0.69, similar to what using CSSS model.

In this proposal we plan to predict the radial IMF profile at the Earth using the two-step prediction scheme of the solar wind speed. We first predict the radial field strength near the Sun using CSSS model and/or WSO solar mean magnetic field, then input the prediction of field strength and the prediction of solar wind speed without the effect of stream-stream interaction into the MHD model to predict the field strength and solar wind speed at the Earth.

3.2 Origin of recurrent high-speed solar wind streams in  the declining phase of Solar Cycle 23

Use WSO data from the declining phase of Cycles 21, 22, & 23 to identify the photospheric sources of recurrent high-speed streams observed in the solar wind.  Find the earliest photospheric appearance of the open field regions and look for characteristic signatures.  Follow the development of the streams to understand persistence and effects on the subsequent solar minimum configuration (Cycles 21 & 22).  Compare results from WSO with MDI and other data sources in Cycle 23.  Compare features from each cycle.  Look for correspondence with other patterns in solar activity - active nests, mean magnetic field, recurrence periods, coronal rotation, for example.  Extend the analysis of persistence back in time with older H-alpha data sets.

3.3 Solar Cycle Studies

Observations have demonstrated a low magnetic activity of the Sun in the 23rd cycle in terms of the sunspot number, magnetic flux in the polar regions and the active region zones, the interplanetary magnetic field strength, and the geomagnetic activity. If we put all pieces together, it appears to invoke a dynamo model that can interpret them consistently.

According to many solar dynamo models the solar magnetic field has a poloidal geometry near the time of the activity minimum. This poloidal magnetic field produces a toroidal field due to the differential rotation. Eventually the field lines erupt through the photosphere, forming the sunspots and the other magnetic features. It is thus anticipated that the strength of the poloidal magnetic field determines the magnitude of the magnetic activity of the solar cycle. Following this line, several schemes have been proposed to forecast the activity of the upcoming solar cycle (e.g. Schatten et al. 1978; Layden et al. 1991). While success in certain level has been achieved (see, e.g. Layden et al. 1991), the detailed relationship among the poloidal field, toroidal field and solar activity has not yet been well established. The reasons are probably due to (1) no observation for the toroidal field, and (2) limitation of the long-term, uniform magnetic field observation with good quality. Recently, the methods have been developed to infer the toroidal magnetic field from the line-of-sight magnetic field observation (Shrauner and Scherrer 1994; Ulrich and Boyden 2005). The WSO has observed the magnetic field of the Sun for over 30 years without any significant changes made in the instrumentation. The data covers three solar cycles, 21, 22 and 23.  and the data quality has been proven to be pretty good and stable (e.g. Layden et al. 1991; Kotov et al. 2002). This make it possible to compare the results among the three cycles. Furthermore, with such a data coverage, the data of cycles 21 and 22 can provide a reference solar cycle for the normal solar activity, against which the anomalies in cycle 23 can be examined. Thus, it is timely to re-examine the dynamo models against the observational data, and to investigate the relationship between the solar magnetic field and the interplanetary magnetic field (IMF).

We propose to make use of WSO data from Cycles 21, 22 and 23. We will analyze the magnetic field in the polar regions and its evolutionary characteristics in the solar cycle. Following the approach by Shrauner & Scherrer (1994) and Ulrich & Boyden (2005), we will calculate the toroidal field (see Figure 1). We will search for the relationship between the observed polar field and the inferred toroidal magnetic field. We will also investigate similarities and differences of the polar and toroidal fields in terms of strength, pattern and evolution in cycles 21, 22 and 23.

We will employ a Potential Field Source Surface (PFSS) model to estimate IMF, and further identify contributions of the various solar entities such as active regions to the IMF. The data from other instruments (e.g. EIT/SOHO, LASCO/SOHO, ACE and Ulysses) will be used for verification and understanding of the results from our models. Since the WSO's ``Sun-as-a-star'' observation (the magnetic mean field) shows a very good agreement with the IMF (Kotov et al. 2002), we also plan to use the MDI/SOHO magnetograms to simulate the WSO's mean field observation. With this simulation, we expect we are able to better understand what actually contribute to the mean field, and where the IMF comes from.

We will investigate the configuration of the large-scale magnetic field (including open flux and close field) and its variation in virtue of emerging, evolution and decaying of active regions. We will search for the relationship between the properties of the large-scale magnetic configuration and the Coronal Mass Ejections (CMEs). And we will explore the relationships between the amount of open flux and frequency of solar eruption by means of performing our MHD simulation experiments (Hayashi 2004).

As the all said is done, we believe we can improve our understanding on the relationship between the poloidal and toroidal magnetic fields, between the toroidal field and solar activity, and between the solar magnetic field and the interplanetary magnetic field, and between the solar activity and the geomagnetic activity. We believe at the end we can interpret the anomalies in the 23rd cycle.

Figure 1: This figure shows the yearly inclination angle averages, 1977-1992, for positive and negative polarity fields in the top 2 panels. The third panel is difference which is a measure of the toroidal component of the cycle field. The bottom one is the net inclination. This figure was taken from Shrauner and Scherrer (1994).

4. WSO Calibration and Operations

4.1 Data Calibration and Cross Comparison

4.2Maintenance

We plan to continue our program of preventative maintenance of the observatory instrumentation.  This will include replacement or resurfacing of those optical components which are presently causing loss of light due to degraded optical coatings.  These are detailed in the budget justification section of this proposal. An important component of our effort is dedicated to making the WSO data available to others. The large- scale photospheric data and coronal field model results are used in a wide variety of correlative studies. Our models are continually being improved and updated.

We will continue to publish WSO data monthly in Solar Geophysical Data, and also make data and related derived products available in our website. There are numerous requests for solar magnetic field harmonic coefficients, computed tilt angles of the HCS, and the polar field strength. These data are used heavily to provide the large-scale content for other investigations.

5.  Work Plan for Five years

This will support a small percentage of the total research effort at the Stanford Solar Observatories Group, most effort is supported by NASA SOHO/MDI grants.  The proposed schedule of work for this NSF funded grants is as follows:
5.1  Year One  

[Research?]

[Maint/OP (e.g. re-coat optics  $7K budget)] 

5.2  Year Two  

[Research?]

[Maint/OP ($4K budget)] 

5.3  Year Three  

[Research?]

[Maint/Op  (e.g. upgrade electronics/computers  $6K budget)] 

5.4  Year Four

[Research?  (Compare data)]

[Maint/OP ($4K budget)] 

5.5  Year Five

[Research? (Compare Data?)]

[Maint/OP ($4K budget)] 

- 6 -
- 7 -

