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Abstract

Solar magnetic indices are used to model the solar irradiance and ultimately
to forecast it. However, the observation of such indices is generally limited to
the Earth-facing hemisphere of the Sun. Seismic maps of the far side of the Sun
have proven their capability to locate and track medium-large active regions at
the non-visible hemisphere. We present here the possibility of using the average
signal from these seismic far-side maps, combined with similarly calculated near-
side maps, as a proxy to the full Sun magnetic activity.
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1. Introduction

Photospheric features of solar activity account for a large portion of the total
solar irradiance (TSI) variation, with a superimposed modulation due to the
solar cycle (Frohlich, 1993). Magnetic indices related to photospheric activity,
such as the Mount Wilson Plage Strength Index (MPSI) and the Mount Wilson
Sunspot Index (MWSI: Parker, Ulrich, and Pap (1998)), as well as magnetic
activity proxies such as the 10.7 cm radio flux (Fi9.7) (Covington, 1969; Kundu,
1965), the Mg11 core-to-wing ratio (Viereck et al., 2001) and the Lyman-alpha
(Lya) intensity (Woods et al., 2000) have been traditionally used as input to
the modeling and prediction tools for TSI (Tobiska, 2002; Jain and Hasan, 2004)
and ultraviolet and extreme ultraviolet (UV/EUV) irradiance (Viereck et al.,
2001; Dudok de Wit et al., 2008). However, at each particular point in time,
these indices contain information of the magnetic activity only for the solar
hemisphere facing the Earth.

I National Solar Observatory, Tucson, AZ 85719, USA;
email: irenegh@nso.edu

2 Instituto de Astrofisica de Canarias, Tenerife 38205, Spain.
3 Space Environment Technologies, Los Angeles, CA, USA.
4 NorthWest Research Associates, Boulder, CO 80301, USA.
5 Universidad de la Laguna, Tenerife 38200, Spain.

SOLA: global_index_editorchanges.tex; 24 May 2013; 15:33; p. 1


irenegh@nso.edu

I. Gonzélez Hernandez et al.

15F

0.12
10F 1.0} e 1 -
- N 0.06 =
0.53 o5f ] g
~ ~ ! 000E
€ oo0f € oof | [ £
> > &
| g \ 0.06 %
-0.5 [ -0.5F \. P 3
N e
012§
-1.0F -1.0F B e g ] o
{4
-1.5 R d A5h d 0.18

X (R))

-1.5-10-05 00 05 1.0 15

-1.5-10-05 00 05 1.0 15

X(R)

Figure 1. Left panel: Postel projection of the far-side map of the phase shift for 5 September
2005 showing the strong seismic signature of active region NOAA 10808 two days before it
appeared at the east limb. Right panel: Postel projection of the helioseismic near-side map
showing the same active region on 11 September 2005. The dotted line represents the center
of the merged region which is different for the near and far-side maps.

The Solar Wind Anisotropies (SWAN) instrument, onboard SOHO, has been
producing maps of backscattered solar (Ly«) from the interplanetary medium
since 1996 (Bertaux et al., 1997). These data are the basis for forecasting several
solar indices: F19.7, Mg 11, and the Ly« intensity (http://swan.projet.latmos.ipsl.fr),Jj
proving the potential of using far-side information.

For the last ten years, local helioseismology methods have provided a way
to map medium-to-large active regions on the non-visible hemisphere of the
Sun using information carried by waves that propagate all the way from the
far side to the near side, where these waves are observed (Lindsey and Braun,
2000b; Zhao, 2007). The waves that pass through areas of strong magnetic field
experience a phase shift (Braun et al., 1992) that is measurable when compared
with a model representing waves that propagate between two points in the
quiet photosphere. Maps of the difference between the model and the measured
phase shift present large perturbations in those areas of concentrated magnetic
field, such as active regions. Seismic maps calculated using this technique are
currently used as another space weather forecasting tool and are available at
http://gong.nso.edu/data/farside/ and http://sdo.gsfc.nasa.gov/data.

In this article, we introduce the idea of calculating a magnetic index that
accounts for the whole solar surface, the Total Solar Seismic Magnetic Index
(TSSMI) from the seismic signature of active regions. The TSSMI is an inte-
grated value over both the observed and the non-visible hemisphere calculated
by averaging the seismic signal (phase shift or travel-time difference) produced
by surface magnetic activity, namely sunspots and plages, on the waves. This
index is a proxy to the photospheric magnetic activity over the whole Sun and
could be used to research long-term variations of the Sun without the limitations
of the near-side only observations. Furthermore, the far-side component of this
index (Far Side Seismic Magnetic Index, FSSMI) can be used as input to solar
irradiance forecast models.
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Figure 2. Longitude-latitude projection of the combined front-far side calculation into ful-
1-Sun maps. Top: 3 September 2005 map showing active region NOAA 10808. Middle: 13
September 2005 map of the same active region in the front side. Bottom: Longitude-latitude
projection of the MDI magnetogram for 13 September 2005, showing the same active region
as observed by this instrument onboard SOHO.

2. Data Analysis

To compute the seismic index, we use near-side and far-side maps for the pe-
riod of January 2002 to December 2005. The maps are calculated using the
phase-sensitive seismic-holography technique as described by Lindsey and Braun
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(2000a) and Braun and Lindsey (2001). The technique is based on the compar-
ison between the travel path determined for observed waves (as velocity field
perturbations in the solar photosphere) compared with a model of the quiet Sun
(Green’s functions) for each location of the solar surface. When waves travel
though an area of concentrated magnetic field, they accelerate (Braun et al.,
1992), producing a phase shift with respect to the model. Hence, the seismic-
holography maps show areas of large phase shift which are interpreted as active
regions.

Each far-side synoptic map is computed from a one-day series of 1440 Global
Oscillation Network Group (GONG) Dopplergrams with a cadence of 60 s. If
there are missing observations, the gaps are zero-filled. The Dopplergrams are
taken in the photospheric line NitA6768 A and have a spatial resolution of
~ barcsec (Harvey et al., 1996). Each Dopplergram is Postel projected into
a 200x200-pixel map. The maps are then stacked into a 1440-frame datacube
to which the technique as described by Lindsey and Braun (2000a) is applied.
The resulting far-side image is itself a Postel projection. To reduce the errors in
the calibration, only maps calculated from series with a clear-weather duty cycle
greater than 80% have been considered.

Because of geometrical limitations of the near-side observation area (pupil)
combined with variable sensitivity with disk position, helioseismic-holography
maps of the far side have been traditionally calculated in two parts: the central
area using the correlation between waves that bounce once at the surface (2-
skip) before reaching the observation point, and the peripheral area, using the
correlation between waves that do not bounce(1-skip) and bounce twice (3-skip)
(Braun and Lindsey, 2001). During this research, we have followed this schema
when calculating the far-side maps.

Different seismic imaging techniques have been used to create 3D structural
and dynamic maps of active regions in the near-side of the Sun for some time
(e.g. Chou, 2000; Ionidis, Zhao, and Kosovichev, 2012). They use shorter ray
paths that provide more resolution and a plane-parallel approximation to reduce
the computer load, but this approach allows only for small areas to be analysed.
For this work, we have created full Sun maps by extending the same seismic-
holography technique that computes the far-side to cover also the near-side.
To keep consistency with the far-side calculations, we use waves following long
ray-paths and spherical geometry computations. Because of the geometrical
limitations of the observational pupils, the near-side has been calculated also
in two parts: the central part using 1x1-skip ray-path correlations, and the
peripheral area, using 1x3-skip correlations. Mapping the observed side with a
similar schema allows us to merge the front- and far-side inferences into a single
full-Sun map that will be the basis for the calculation of the seismic magnetic
index.

Figure 1 shows two seismic maps in Postel projection. The left panel presents
the Postel projection of the far-side map of phase shift for 5 September 2005
showing the strong seismic signature of active region NOAA 10808 two days
before it appeared at the east limb. The right panel is the corresponding Postel
projection of the helioseismic near-side map showing the same active region on
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11 September 2005. Dark areas in the map correspond to negative phase signa-
tures introduced by magnetic regions. The apparent difference in the latitudinal
location of the active region in both maps is due to the By angle (the angle of
inclination of the solar equator on the ecliptic) being extreme during that period,
which appears as a displacement in the y-coordinate in these Postel projected
maps centered on disk center. Because we use similar waves for the analysis,
the resolution on both maps is similar. However, since the near-side map consist
largely of 1x1-skip correlations, the noise is smaller. This is due to the dispersion
that waves undergo when bouncing at the surface, the less bounces, the less noisy
the results are. The dashed lines represent the separation between the central
and the peripheral areas calculated using different wave combinations for each
of the maps.

The near-side and far-side separated maps are then re-projected into a longitude-Ji
latitude grid and combined into a single map of the full Sun. Examples of
full Sun longitude-latitude projected maps are presented in Figure 2. Far side
and near-side areas are delimited by a dark line. The figures correspond to
maps of the same region as in Figure 1 (NOAA 10808) but on different days, 3
September 2005 (top) and 13 September 2005 (middle). The bottom panel is a
longitude-latitude projection of the Michelson Doppler Imager (MDI: Scherrer
et al. (1995)) magnetogram for 13 September 2005, showing the same active
region as observed by this instrument onboard SOHO.

3. A Near-Side Seismic Magnetic Index (NSSMI)

For validation purposes, we start calculating a near side seismic index using
only the near-side seismic maps. That way we can compare with the standard
indices from the observable side of the Sun. The NSSMI is an average over the
seismic signal (phase shift) of the near-side maps. We have arbitrarily ignored
the positive phase shift in the maps and integrated only over negative values,
associated with magnetic features. In addition, we integrate the value of the
maps only from —40 to +40 degrees latitude, to avoid the noisier latitudes. The
seismic far-side maps have been shown to be affected by a solar cycle variation,
similar to the superimposed cycle modulation found in TSI measurements. In
the case of the seismic maps, this cycle modulation has been associated to either
global or localized structural changes in the solar convection zone (Gonzilez
Herndndez, Scherrer, and Hill, 2009). To remove this variation each individual
map (both near and far-side) is corrected by removing a 60-day trailing average.
Figure 3 shows simultaneous values of the composite Ly« index from the Lab-
oratory for Atmospheric and Space Physics (lasp.colorado.edu/lisird/tss), the
calculated Mount Wilson sunspot (MWSI) and plage (MPSI) indices (www.astro.ucla.edu),|j
the observed F1g 7 (www.ngdc.noaa.gov) and Mg 11 (www.swpc.noaa.gov/ftpmenu/sbuv.html)[j
and the calculated NSSMI from the seismic-holography maps. The sequence
spans from January 2002 to December 2005. Figure 4 presents a running mean
of 10 days for both the seismic index and the standard solar indices to aid
the comparison. A large increase in all of them can be seen associated to the
large active regions that produced the Halloween flares at the end of 2003. The
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Figure 3. Simultaneous observations/calculations of the Ly« composite index, the Mount
Wilson sunspot and pladge indices, Mgil, F1p.7 and the Near-side Seismic Magnetic Index.
The sequence spans from January 2002 to December 2005. The sign of the seismic magnetic
index has been inverted to aid the comparison.The units of the different indices are: solar flux
units for F19.7,101! photons cm—2 sec™?! for Lya, Gauss for the MPSI and MWSI and radians
for the NSSMI.
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Figure 4. Ten-day smoothed averages of the simultaneous observations/calculations of the
Lyo composite index, the Mount Wilson sunspot and pladge Indices, Mg1i, Fig.7 and the
Near-side Seismic Magnetic Index. The sequence spans from January 2002 to December 2005.
The sign of the seismic magnetic index has been inverted to aid the comparison.

different indices have a marked correlation. The Pearson correlation coefficients
between each of the traditional ones and the newly calculated seismic index can
be found in Table 1 for both the one-day values and the ten-day smoothed series.

The corresponding scatter plots are presented in Figure 5.
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Figure 5. Scatter plots of the ten-day average NSSMI and each of the other front side
magnetic indices. A strong linear correlation can be observed in most of them, with the largest
corresponding to that of F1g.7. The Pearson correlation coefficients are presented in Table 1.

4. The Total Solar Seismic Magnetic Index (TSSMI)

To complete the full-Sun magnetic index, we follow the same procedure described
in the previous section but using the far-side helioseismic maps to calculate the
far-side seismic magnetic index (FSSMI). Finally we combine the two of them
into the Total Solar Seismic Magnetic Index (TSSMI). Figure 6 presents the
three series, near, far-side and full-Sun indices.

The 27-day modulation due to the solar rotation is seen in both the near-side
index and the far-side one. Two particular scenarios have been highlighted in
the figure. Scenario A shows an increase of the integrated phase shift first on
the front side index and then in the far side. The solid and dashed lines are
plotted 14 days apart, to account for about half solar rotation. Scenario B is
the reverse case, when we first have an increase in the far side that then moves
to the front side. These are typical cases of active regions emerging in one of
the hemispheres (front or far) and moving to the other one. In Scenario A, the
active regions live long enough to come back to the front side a second time.
The time lag between the near-side index and the far-side one is determined by
the solar rotation, as the active regions move from the front to the far side of
the Sun and wice versa. However, since active regions emerge and decay in a
semi-random manner on both the front and far side of the Sun, trying to find
a correlation between the two data sets to infer a time lag is not trivial, since
it will be positive for certain periods, negative for others, and a complex mix
for periods of high activity. The 27-day modulation still shows a residual in the
full-Sun index, which is most probably due to a combination of the location
dependent sensitivity of the helioseismic maps and the fact that the front and
far-side indices have been calculated using a different combination of waves,
which introduces a phase difference between the two inferences.

Although the far-side maps are noisier than the near-side ones, the ten-day
smooth indexes obtained from both series seem to present a similar behaviour
and background, but with a positive phase shift for the FSSMI. For the purpose
of this article, we have simply added the near-side and the far-side values to com-
pute the TSSMI. But the shift between the far-side and the near-side maps needs
to be investigated, before the index is used as a proxy. A possible explanation
comes from the empirical correction of the phase shift due to the superadiabatic
layers at the near surface (Lindsey and Braun, 2000a). The different parts of
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Table 1. Pearson correlation coefficient between each of
the standard front side magnetic indices and the new
seismic index.

Index Correlation Coeff. Correlation Coeff.
one-day values ten-day smoothed avg.

MWSI 0.86 0.87
MPSI 0.78 0.82
Mg11 0.79 0.84
Fio.7 0.89 0.92
Ly« 0.77 0.84

0.08 T T

0.07 NSSMI
0.06

0.05
0.04
0.03
868
0.07
0.06
0.05
0.04

0.03
0.02

NSSMI (rad)

51318

\
FSSMI : E

FSSMI (rad)

0.12F TSSMI

0.10

0.08

TSSMI (rad)

0.06

2003 2004 2005 2006
Calendar date (years)

[
o
o
N

Figure 6. Values of the calculated near-side seismic magnetic index, the far-side seismic
magnetic index and the combination of both into the solar seismic magnetic index. The
sequence spans from January 2002 to December 2005. A and B represents two scenarios where
the index increases first in the near side and then in far side and vice versa respectively.

the maps use waves which follow a 1-skip, 2-skip or 3-skip paths, that is, they
do not bounce, bounce one or twice before reaching the observation area, if the
phase shift correction is not ideal, the different parts of the map will be affected
differently.

5. Discussion and Future Work

The comparison between the NSSMI and the standard near-side indices (see
Figure 3, Figure 4, and Table 1) shows the capability of seismic inferences
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to provide a new proxy for the solar magnetic activity. The helioseismology
technique used to calculate far-side maps of the Sun, as well as the near-side
maps calculated for this particular research, use waves that propagate following
long ray-paths. The sensitivity of such waves to small active regions is limited.
This is due to the small perturbation that these active regions introduce in the
wave propagation and the limited spatial resolution of the waves used in the
analysis. Finding such a large, linear correlation between the NSSMI and the
near-side indices is encouraging.

In general, we expect to find a larger correlation between the NSSMI and those
indices that are sensitive to large, strong magnetic areas in the photosphere.
The MPSI and the MWSI are calculated as the sum of the number of pixels
with magnetic field intensity between 10 and 100 Gauss and larger than 100
Gauss and then divided by the total of number of pixels in the magnetogram
(regardless of magnetic field strength), respectively. These are proxies of the
strong photospheric magnetic fields, which are the main contributors to the
phase shift of seismic inferences. Hence, we expect these indices to be closer to
the NSSMI. The correlation with these two indices is high, however, we find a
larger correlation with the Fig7 index, which is the integrated emission from
the solar disc at 2.8 GHz, i.e., 10.7 cm wavelength, and serves as a proxy for the
solar EUV emission. It mainly represents the contributions from sunspots and
radio plages in the upper chromosphere in addition to the quiet-Sun background
emission (Covington, 1969; Kundu, 1965).

A very strong correlation is also found with another chomospheric-related
index, the Mgii. The Mg11 core-to-wing ratio is derived by taking the ratio
of the h and k lines of the solar Mgil feature at 280 nm to the background
or wings at approximately 278 nm and 282 nm. The h and k lines are vari-
able chromospheric emissions while the background emissions are more stable.
This ratio seems to be a robust measure of chromospheric activity, mainly for
solar UV and EUV emissions (Viereck et al., 2001). At this point, we cannot
explain these results, particularly given the fact that the quiet-Sun variation
has been removed from the seismic maps; however it provides the possibility of
intercalibration between the near-side EUV indices and the seismic index. An
indepth comparison with longer series and filtering different areas of the seismic
maps could help understand these results. The actual physical mechanism that
produces the phase shift in the observed waves when they propagate through a
strong magnetic field is still under investigation.

Finally, the correlation with the composite Ly« index is also reasonable given
that Lya emission serves as the best proxy for the irradiance originated from
the transition region (Woods et al., 2000; DeLand and Cebula, 2008).

In all cases, center-to-limb effects in the different standard proxies, combined
with the location-dependent sensitivity of the seismic inferences, can contribute
to lower the correlation. In fact, there may be an anticorrelation component
with the emission based proxies, since those incorporate a higher contribution of
magnetic activity towards the limb, while the helioseismology inferences present
stronger signatures close to disk center. New sets of artifical helioseismology data
are currently available which can be analysed from different vantage points and
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will help to understand (and possibly correct for) the sensitivity function on the
seismic maps.

The real potential of the seismic inferences is the ability to provide an in-
dex that comprises both the Earth-facing and the non-visible hemisphere solar
magnetic activity (see Figure 6). The validation of the NSSMI versus the near-
side indices means that the FSSMI, calculated with a very similar approach,
provides useful information from an integrated perspective. The FSSMI contains
information of the surface magnetic activity that will be facing Earth days in
advance. In theory, solar models that use the integrated near-side indices as input
to their calculations could use data provided by the far-side integrated index that
would be facing Earth at a given time; so, if a far-side event is occurring, the
facing Earth part of the disk in, say six days, would be the relevant proxy for
the six-day forecast. The part of the far-side disk that would be Earth-facing
in ten-days would be the ten-day forecast and so on. It has been shown that
short term forecasting of UV irradiance can be improved when adding far-side
seismic maps (Fontenla et al., 2009). We expect that the integrated far-side
seismic magnetic index will also help to complement the near-side indices for
more accurate forecasting of solar irradiance.

The TSSMI can be used for long-term studies of solar variability. The GONG
project has been operating for almost 18 years, providing the capability of calcu-
lating the full-Sun seismic index for more than one solar cycle. So far, long-term
studies of solar variability have been biased by the limitation of having only near-
side observations. A comparison between long-term variation of the TSSMI and
the standard near-side indices could provide insight as to have good the near-
side indices have been at reproducing the full Sun long-term variations. Any
new knowledge in that respect will help to constrain the solar dynamo models.
Gonzédlez Herndndez, Scherrer, and Hill (2009) showed a variation of the wave
propagation times through the solar interior that was highly correlated with the
solar cycle, using integrated values of far-side seismic maps. We intend now to
use the full-Sun approach to repeat the experiment, in an attemp to further
understand the global versus local nature of the cycle dependence.

As stated before, the current seismic-holography method to calculate far-side
and near-side maps using large ray paths has its limitations. So far, the technique
is sensitive mainly to the contributions of medium-to-large size active regions.
Two approaches are being investigated to improve the method, so it can account
also for smaller active regions. The model used in helioseismic holography is
being improved. Pérez Herndndez and Gonzélez Herndndez (2010) developed a
formulism that gives a more accurate representation of the wave field in the quiet
Sun. Their preliminary results show a computational advantage in using these
new Green’s functions, as well as an increase of the signal to noise of ~30%. In
addition, employing the 2x3-skip correlation seems to further increase the signal
to noise in far-side seismic maps calculated using the time-distance technique
(Zhao, 2007), we are currently exploring this possibility for seismic holography.

Future work includes the calibration of the full-Sun seismic magnetic index
in terms of other solar indices/proxies like F10.7, Mg11, and Ly« which, in turn,
can be used as input to models such as the Jacchia—Bowman 2008 (JB2008;
Bowman et al. (2008)) thermospheric density model used primarily for low
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Earth orbiting satellite drag calculations. No doubt other models that need full-
Sun information will benefit from including different far-side data. The Solar
TErrestrial RElations Observatory (STEREO) EUV images have been used to
quantify the reliability of the seismic far-side maps (Liewer et al., 2012), so
integrated quantities from STEREO observations can also be used to validate
the seismic index.
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