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Synopsis 
 
Ground-based synoptic solar observations provide critical contextual data used to model the 
large-scale state of the heliosphere. The next decade will see a combination of ground-based 
telescopes and space missions that will study our Sun's atmosphere microscopic processes with 
unprecedented detail. This white paper describes contextual observations from a ground-based 
network needed to fully exploit this new knowledge of the underlying physics that leads to the 
magnetic linkages between the heliosphere and the Sun. This combination of a better 
understanding of small-scale processes and the appropriate global context will enable a physics-
based approach to Space Weather comparable to Terrestrial Weather forecasting. 
 
1. A multi-messenger approach to understanding a connected heliosphere 
 
Stars and planets interact through a diverse suite of messengers: radiation in the form of 
photons, electromagnetic fields, and charged particles. NASA’s Heliophysics System 
Observatory, the NSF’s Daniel K. Inouye Solar Telescope (DKIST), and other ground-based assets 
use these multi-messenger signals to study the Sun-Earth interactions. Projects like DKIST target 
the microphysics that create the magnetic connectivity between the Sun and the heliosphere. 
To fully exploit these detailed observations and to drive heliophysics discovery over the next 
decade, the large-scale context provided by ground- and space-based synoptic observations is 
of critical relevance. 
 
Existing ground-based synoptic programs are aging rapidly and are used in ways that differ from 
their original intend. Most prominently, GONG (Hill, 2018) was designed for Helioseismology 
but is most demanded today as a provider of the magnetic boundary conditions for solar wind 
models. Moreover, a wealth of theoretical knowledge about the connectivity between the Sun 
and the heliosphere has emerged recently (e.g., Chen 2017). This knowledge did not exist at the 
time of the design of existing synoptic networks like GONG, and they do not help predict key 
Space Weather drivers such as the magnetic field configuration of coronal mass ejections 
(CMEs), which determines the coupling with the Earth’s magnetic field (Kilupa, 2017).  
 
The next decade will see fundamental progress in our ability to describe the magnetic 
connections existing throughout the heliosphere. Most importantly, the community will 
develop the tools to routinely propagate magnetized CMEs using appropriate boundary 
conditions on the Sun and enabling the prediction of their Bz, the southward magnetic field 
component in the CME arriving at Earth. 
 
2. Boundary data to propagate magnetic fields into the heliosphere 
 
Global 3D semi-empirical models simulating the heliosphere such as the WSA (Wang and 
Sheeley, 1990; Arge et al., 2003) use synoptic magnetic field maps to model a time-dependent 
solar wind. Much of the space weather activity can only be interpreted in light of such global 3D 
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simulations (Bain et al., 2016). Investigations are underway to use heliospheric solar wind 
models to drive simulations of the geomagnetic impacts of space weather at the Earth, thus 
coupling space weather phenomena across the entire Sun-Earth system. The models are further 
utilized by injecting, on top of the solar wind, a solar wind disturbance (representing a CME) at 
the inner boundary and propagating it throughout the solar system.  

CMEs are prevalent at solar maximum. During the minimum of the cycle, the open magnetic 
flux at the coronal holes near the Sun’s poles establishes a quasi-dipolar magnetic 
configuration in the heliosphere. In this configuration, the Earth stays most of the time 
magnetically connected to the polar caps (Luhmann et al., 2009). Unfortunately, these coronal 
regions are the hardest to observe from the Earth. However, detailed observations from 
Hinode of the polar regions in the lower chromosphere show network-like concentrations 
displaying an apparent neutral line parallel to the limb reflecting the field line opening into the 
corona (see red oval in Figure 1, bottom images). This expansion of the flux tubes —or 
expansion factor— relates to the speed of the plasma outflowing from the Sun (Figure 2, 
Sheeley, 2017).  

 
Figure 1: Nearly simultaneous south pole BLOS observations with the pole tipped toward Earth 
ďǇ�ϳ͘Ϭϰ͘�>ĞĨƚ͗�,ŝŶŽĚĞ�ŽďƐĞƌǀĂƚŝŽŶƐ͘�ZŝŐŚƚ͗�s^D�ŽďƐĞƌǀĂƚŝŽŶƐ͘�dŚĞ�ƚŽƉ�ƌŽǁ�ƐŚŽǁƐ�ƉŚŽƚŽƐƉŚĞƌŝĐ�
;ϲϯϬ͘Ϯ�ŶŵͿ�ŽďƐĞƌǀĂƚŝŽŶƐ͕�ĂŶĚ�ƚŚĞ�ďŽƚƚŽŵ�ƌŽǁ�ƐŚŽǁƐ�ůŽǁ�ĂŶĚ�ŵŝĚ�ĐŚƌŽŵŽƐƉhere observations. 
s^D�ĂŶĚ�^W�ŽďƐĞƌǀĂƚŝŽŶƐ�ƐĂƚƵƌĂƚĞ�Ăƚ�цϯϬ�'͕�ĂŶĚ�&'�ŽďƐĞƌǀĂƚŝŽŶ�ƐĂƚƵƌĂƚĞƐ�Ăƚ�цϬ͘ϬϬϲ�/��ŝŶ�
circular polarization. The ellipses in the bottom images show facular regions with apparent 
neutral lines in circular polarization created by the field line expansion ;:ŝŶ�Ğƚ�Ăů͕͘�ϮϬϭϯͿ. 
As shown on the bottom right panel of Fig. 1, SOLIS chromospheric line-of-sight data also 
detects this field line expansion but with a degraded spatial resolution. Note that the apparent 
neutral lines are hardly observable in the corresponding photospheric magnetograms (Figure 
1, top images). Unfortunately, the synoptic magnetograms that feed current heliospheric solar 
wind models (GONG, SDO/HMI) observe only the photosphere and do not contain these 
details. SOLIS chromospheric magnetograms have not been used yet by the heliospheric 
modeling community. This underutilization is expected to change with the restart of 
observations of SOLIS from its new location at Big Bear Solar Observatory (first half of 2023). 
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The potential benefits for solar wind modeling using data that observes directly the expansion 
factors of the polar cap fields, instead of estimating them from a current-free extension of the 
photospheric field, are apparent. 

 

 
&ŝŐƵƌĞ�Ϯ͘���ĐĂƌƚŽŽŶ͕�ŝůůƵƐƚƌĂƚŝŶŐ�ƚŚĂƚ�ĨĂƐƚ�ǁŝŶĚ�ĐŽŵĞƐ�ĨƌŽŵ�ŵĂŐŶĞƚŝĐ�ĨůƵǆ�ƚƵďĞƐ�ǁŝƚŚ�ƐŵĂůů�
coronal expansion and that slow wind comes from flux tubes with large coronal expansion. The 
red line demonstrates that the projection of expanding field lines in opposite directions will 
create an apparent neutral line effect ;^ŚĞĞůĞǇ͕�ϮϬϭϳͿ. 
 

Projection effects make it difficult to observe the solar poles from the ecliptic plane, but 
targeted, carefully designed observations from the ground can significantly improve our 
boundary data from these regions. The polar coronal holes occupy an extended area at 
latitudes higher than 60o-70o. Outside of the times when the polar fields undergo polarity 
reversals, the magnetic configuration is relatively simple with prevailing vertical field lines. 
From the Earth's line of sight, this configuration corresponds to transverse magnetic field 
observations. The Zeeman effect makes the transverse signals smaller than longitudinal ones, 
often by as much as one order of magnitude. Improving our sensitivity to transverse magnetic 
fields and beating the noise in polar cap observations from the ground demands detecting 
more polarized photons than what we currently collect.  

The GONG network was initially designed to measure Doppler velocities. A clever modification 
in the early 2000s transformed GONG into a magnetograph network. GONG delivers a space 
weather operational magnetogram every 10 minutes. Its resolution and sensitivity, however, 
are not optimal for today’s needs: the network has issues with its magnetic zero-point and 
needs constant monitoring in the reduction pipelines. Increased magnetic sensitivity, 
resolution, and well-calibrated vector magnetic field capabilities are mandatory for improved 
solar wind modeling. This higher sensitivity is particularly relevant for the so-called "open flux 
problem" (Linker et al., 2017), which describes the persistent underestimation of the magnitude 
of the heliospheric field predicted by solar magnetograms by a factor of 3. Polar fields might 
contain a hitherto undetected reservoir of magnetic flux representing the missing flux. 
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Obtaining quantitatively relevant polar maps from the Earth line-of-sight demands higher 
spatial resolution and increased magnetic sensitivity to transverse fields using new 
instrumental approaches for synoptic observations. 

3. Boundary data and the propagation of solar eruptive structures 
 
While the background solar wind is calculated from photospheric magnetic field synoptic maps, 
the CME modeling component uses a ‘cone model’ (Odstrcil & Pizzo, 1999) fed by parameters 
derived from coronagraph observations. These parameters contain no information of the CME 
magnetic field configuration resulting in purely hydrodynamic modeling of the cloud. This 
approach estimates arrival time, CME speeds, and densities. However, it contains limited or no 
information about the magnetic configuration of the cloud and its potential for interaction with 
the heliosphere and the magnetic field of the planets it encounters. 
 
Most of the widely used 3D global heliospheric models that propagate CMEs do not propagate 
magnetized CMEs and cannot predict the value of Bz. However, in recent years capable, 
physics-based models are appearing (Shiota & Kataoka, 2016; Jin et al., 2017; Torok et al., 2018; 
Verbeke et al., 2019; Sarkar et al., 2020) and contain the ability to propagate a magnetized CME 
from the solar surface to the heliosphere (Figure 3). Given the complexity of the required 
modeling, these studies consider one-off CME examples. However, quantifiable forecasting of 
Bz requires routine propagation of magnetized CMEs from the solar source into the 
heliosphere using adequate boundary data. Earth-directed CMEs are unpredictable and 
require constant monitoring of all potential source regions on the visible surface of the Sun, 
demanding a network that avoids night gaps. As inferred from the studies mentioned above, 
the necessary boundary data is a rich combination of vector magnetic fields in the photosphere 
and chromosphere that permits the characterization of the overall configuration and the 
helicity of the source regions; Doppler data of the dense filaments at the start of the ejection 
(Wang et al., 2022); and a description of the coronal environment where the eruption occurs 
and that potentially impacts its evolution (Corchado-Albelo et al., 2021).    
 

 

&ŝŐƵƌĞ�ϯ͘�WĂƌĂŵĞƚƌŝǌĞĚ�ŵŽĚĞů�ĨŽƌ�ƚŚĞ�
ƉƌŽƉĂŐĂƚŝŽŶ�ŽĨ�Ă�ŵĂŐŶĞƚŝǌĞĚ��D��;:ŝŶ Ğƚ�Ăů͕͘�
ϮϬϭϳͿ͘�/ŶŝƚŝĂů�ĨůƵǆ�ƌŽƉĞ�ĐŽŶĨŝŐƵƌĂƚŝŽŶ�ĞŵďĞĚĚĞĚ�
ŝŶƚŽ�ƚŚĞ�ŐůŽďĂů�ƐŽůĂƌ�ǁŝŶĚ�ƐŽůƵƚŝŽŶ�ŽĨ��Z�ϮϭϬϳ͘�
;ĂͿ�&ůƵǆ�ƌŽƉĞ�ŝŶ�Ϯ��ǁŝƚŚ�ŵĂŐŶĞƚŝĐ�ĨŝĞůĚ�ůŝŶĞƐ�ĂŶĚ�
plasma density. The black and red contours 
ƌĞƉƌĞƐĞŶƚ�ƵŶƐƚƌĞƚĐŚĞĚ�ĂŶĚ�ƐƚƌĞƚĐŚĞĚ�ĨůƵǆ�ƌŽƉĞƐ͕�
respectiveůǇ͘�;ďͿ–;ĚͿ͗�&ůƵǆ�ƌŽƉĞ�ŝŶ�ϯ��ǁŝƚŚ�ƚŚĞ�
ƌĂĚŝĂů�ǀĞůŽĐŝƚǇ͕�ĞůĞĐƚƌŽŶ�ƚĞŵƉĞƌĂƚƵƌĞ͕�ĂŶĚ�
ƉƌŽƚŽŶ�ƚĞŵƉĞƌĂƚƵƌĞ͕�ƌĞƐƉĞĐƚŝǀĞůǇ͘ 
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Chromospheric vector fields are a primary candidate for improving boundary data (Georgoulis 
et al., 2018). Mapping the field configuration at multiple heights will produce data for 
constraining the magnetic topology of solar filaments associated with the core of the CME and 
will generally serve as improved initial boundary conditions for CME modeling. We expect 
interactions with the background corona during and after the eruption to lead to CME 
deflections, etc. However, despite these complexities, observed persistent correlations 
demonstrate that CMEs maintain a non-negligible memory of their solar source region 
(Yurchyshyn et al., 2001; Marubashi et al., 2015; Aparna and Martens, 2020).  
 
These correlations indicate that data-driven propagation of magnetized CMEs is a real 
possibility but needs consistent boundary data that is not currently available. 
 
4. Coronal data to inform and constrain CME models.  
 
The nature of the CME source region, including the presence of stored magnetic energy in the 
form of a magnetic flux rope, can have signatures in coronal observations such as prominences 
and their cavities (Gibson, 2018). Ground-based synoptic coronagraphic observations are crucial 
to analyzing the evolution leading up to the eruption, with important information from the 
morphology, plasma properties, and polarimetry of CME source regions. During an eruption, 
such observations yield global evidence for the effects described above, which may alter the 
pre-eruption magnetic structure and the Bz at Earth.  

  
&ŝŐƵƌĞ�ϰ͗��ŽDW�ŽďƐĞƌǀĂƚŝŽŶƐ�ŽĨ�ůŝŶĞĂƌ�ƉŽůĂƌŝǌĂƚŝŽŶ�azimuth in 
Fey/// ϭϬϳϰϳ��ŶŐƐƚƌŽŵƐ͘�/Ŷ�ƚŚĞ�ƌĞŐŝŽŶ�ŽĨ�ĚŝǀĞƌŐŝŶŐ�ŵĂŐŶĞƚŝĐ�
ĨŝĞůĚ�;ƚŽƉ�ůĞĨƚͿ�ƚŚĞ�ƉŽůĂƌŝǌĂƚŝŽŶ�ǀĞĐƚŽƌƐ�ĂƌĞ�ƉĂƌĂůůĞů�ƚŽ�ƚŚĞ�
magnetic field and smoothly transition from blue (tilted 
ĐůŽĐŬǁŝƐĞ�ĨƌŽŵ�ƌĂĚŝĂůͿ�ƚŽ�ƌĞĚ�;ƚŝůƚĞĚ�ĐŽƵŶƚĞƌĐůŽĐŬǁŝƐĞ�ĨƌŽŵ�
ƌĂĚŝĂůͿ͘�/Ŷ�ƚŚĞ�ƌĞŐŝŽŶ�of converging magnetic field ;ŵŝĚĚůĞͿ͕�
the polarization vectors follow the magnetic field direction 
ƵŶƚŝů�ƚŚĞǇ�ĐƌŽƐƐ�ƚŚĞ�ǀĂŶ�sůĞĐŬ�ĂŶŐůĞ�;ŶĞĂƌ�ƚŚĞ�ĐĞŶƚĞƌ�ŽĨ�ƚŚĞ�
ůŽŽƉƐͿ͕�Ăƚ�ǁŚŝĐŚ�ƉŽŝŶƚ�ƚŚĞǇ�ĂďƌƵƉƚůǇ�ƌŽƚĂƚĞ�ƌĂĚŝĂů (Gibson et 
Ăů͕͘�ϮϬϭϳͿ͘�dŚĞ�ǁŚŝƚĞ�ůŝŶĞƐ�ĐĂŶ�ďe thought of as tracing the 
streamer morphologies observed by K-�Žƌ͘ 

 
Coronagraphic observations provide vital measurements that can be incorporated into first 
principles models for use in ensemble forecasting of space weather conditions. Several groups 
are developing research pipelines to facilitate incorporation into heliospheric models with 
ensemble down-selection using observed coronal morphology, and, more generally, the 
validation of magnetic extrapolations and MHD models. Jones et al. (2020) developed a 
technique for comparing structures observed in K-Cor (Mauna Loa) white-light pB coronagraph 
images to WSA magnetic models for use in boundary data conditioning and ADAPT (Hickmann 
et al., 2015) parameter determination. CoMP (Tomczyk et al., 2008) azimuth also diagnoses 
magnetic field morphology, which is important for constraining solar wind models, as shown in 
Figure 4. In addition, CoMP linear polarization observations have been used to diagnose coronal 
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magnetic field direction and topology (Bak-Steslicka et al., 2013; Rachmeler et al., 2014; Gibson 
et al., 2017, Corchado-Albelo et al., 2021). CoMP Doppler measurements of Alfvenic waves 
have also been used to quantify plane-of-sky magnetic field strength (Yang et al., 2020). 
 
Coronal observations provide ground truth validation and constraints on models of the solar 
wind and CMEs. 
 
5. Helioseismology as a window to the sources of solar magnetism  
 
The origin of the solar magnetism described above lies in the interior, underneath the visible 
photosphere. This region is where large-scale motions of the plasma generate the field via, 
presumably, a dynamo mechanism. Helioseismology—analysis of properties of acoustic waves 
traveling in the solar interior—is the best probe of these motions.  
 
While helioseismology has succeeded in determining the large-scale flows averaged over the 
entire Sun, it has not successfully determined the structure and dynamics below magnetized 
regions. For example, wave-speed perturbations beneath an active region obtained from time-
distance inversions differ from ring-diagram inversions (Gizon et al., 2009) and disagree with 
the results from semi-empirical models (e.g., Moradi et al., 2010). These disagreements indicate 
inadequate treatment of wave behavior near strong and inclined magnetic fields in the 
helioseismic analysis. The missing ingredient is currently thought to be the transformation of 
the acoustic waves used for helioseismology into additional MHD oscillation modes (Alfvén 
waves, fast magnĞƚŝĐ͕�ƐůŽǁ�ŵĂŐŶĞƚŝĐ͕�ĞƚĐ͘Ϳ�Ăƚ�ƚŚĞ�ŚĞŝŐŚƚ�ŝŶ�ƚŚĞ�ĂƚŵŽƐƉŚĞƌĞ�ǁŚĞƌĞ�ɴ͕�ƚŚĞ�ƌĂƚŝŽ�ŽĨ�
thermodynamic gas pressure to magnetic pressure, equals 1. This level marks the boundary 
ďĞƚǁĞĞŶ�ĂƚŵŽƐƉŚĞƌŝĐ�ƌĞŐŝŽŶƐ�ǁŚĞƌĞ�ƚŚĞ�ŵĂŐŶĞƚŝĐ�ĨŝĞůĚ�ĚŽŵŝŶĂƚĞƐ�ƚŚĞ�ƉůĂƐŵĂ�ŵŽƚŝŽŶƐ�;ɴ�ф 1) 
ĂŶĚ�ƌĞŐŝŽŶƐ�ǁŚĞƌĞ�ƚŚĞ�ŐĂƐ�ƉƌĞƐƐƵƌĞ�ŝƐ�ƚŚĞ�ƉƌŝŵĂƌǇ�ĚƌŝǀĞƌ�;ɴ�х�ϭͿ͘ 
 
There has been substantial theoretical and observational work on this problem in the last 
decade (e.g., Cally, Moradi & Rajaguru 2016). These studies have sought a method of correcting 
the helioseismic analyses in active regions. While there may well be further improvements, the 
current approach is to forward model the effect using a sunspot background model with 
embedded acoustic sources (Moradi et al., 2015). This forward modeling produces estimates of 
the perturbation to the travel time of waves passing through the region as a function of field 
strength, inclination, azimuthal angle, height, input wave frequency, and travel distance. These 
perturbed travel times can then be applied to the relevant time-distance helioseismic analyses. 
With additional theoretical work plus routine multi-wavelength, multi-height helioseismic 
observations, we may reach the long-standing promise of detecting active regions on the Sun 
before they emerge to the surface. 
 
Helioseismic holography is a technique used to infer active regions on the far-side surface of 
the Sun (Lindsey & Braun, 2017). This approach exploits acoustic travel-time reductions in 
magnetized areas that result in a phase shift of the waves. These phase changes make large 
active regions readily apparent in reconstructed seismic travel-time images (Figure 5). Since the 
sensitivity in these maps depends on accurate and precise measurements of the phase shift 
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between acoustic waves in the solar atmosphere, an improved understanding of phase shift 
from multi-height observations is needed to reduce the noise in far-side maps, thus enhancing 
the detectability of weaker active regions and improving the modeling of the global 
heliosphere.  
 

 
&ŝŐƵƌĞ�ϱ͗���ŵĂƉ�ŽĨ�ƚŚĞ�ĨĂƌ-side of the Sun produced from helioseismic observations from GONG 
ŽŶ�KĐƚ�ϭϮ͕�ϮϬϭϰ͘�dŚĞ�ƐŝǌĞĂďůĞ�ƉƌŽŵŝŶĞŶƚ�ĨĞĂƚƵƌĞ�ŽŶ�ƚŚĞ�ĨĂƌ-ƐŝĚĞ�ŝƐ��ĐƚŝǀĞ�ZĞŐŝŽŶ��ZϭϮϭϵϮ. 
 
Observations required to address the detectability of these phase shifts include multi-
wavelength, multi-height measurements of the velocity and vector magnetic field from the 
photosphere to the chromosphere with cadences of minutes as needed by helioseismology. 
 
6. Required solar synoptic observations over the next decade  
 
Key measurement capabilities for future ground-based solar synoptic network facilities involving 
the US and the broader international communities include the following: 

x Measure the boundary data as a function of height that propagates the magnetic 
connectivity into the heliosphere, with improved sensitivity to the polar regions; 

x Map coronal magnetic field topology and plasma properties to improve solar wind 
models; 

x Map the 3-D magnetic topology of solar erupting structures from the chromosphere to 
the corona and better anticipate the severity of space-weather events; 

x Provide plasma diagnostics of ambient and eruptive coronal structures to study energy 
build-up and release in the corona and improve CME modeling; 

x Monitor processes in the solar interior and the far side that impact heliospheric 
conditions; and 

x Provide global context for high-resolution solar observations as well as for in situ 
measurements. 

The use of a six-site network guarantees a duty cycle of 90% as demonstrated by Jain et al. 
(2021). 
 
The ongoing design efforts for the Next Generation GONG (ngGONG) network incorporates 
uniquely these capabilities by hosting a suite of telescopes able to observe the photosphere, 
chromosphere, and the plane of the sky corona at six longitudes from the ground. ngGONG is 
further described in the WP Pevtsov et al. (2022). 
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