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SUMMARY 

High-resolution telescopes (such as SST, GREGOR and the future EST and ATST) 

allow observations of only a small fraction of the solar surface. Real-time context data 

showing the large-scale dynamics and magnetism at different layers of the solar 

atmosphere are crucial to understand the global behaviour of solar phenomena. 

However, despite the amount of information coming from space and ground-based full-

Sun telescopes, real-time information about the variation of important parameters such 

as velocities, magnetic field and intensity at different solar layers is still lacking. To 

this aim, a network of telescopes with a small aperture but a large field-of-view can 

provide useful data to prepare observing campaigns with large-aperture high-resolution 

telescopes and complement the data taken with them. Distributed in a world-wide 

network, these small apertures can represent an invaluable supporting tool for 

coordinated observations with the major infrastructures. 

While space platforms can also provide nearly-continual solar observations, networks 

formed out of ground-based telescopes have several advantages, e.g. the network 

instrumentation can be repaired when it fails or upgraded when new technology and/or 

science requirements demand it; and the network lifetime is in principle infinite. 
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 1. INTRODUCTION 
The main purpose of this document is to define science-driven requirements for the 

data products to be delivered by the Solar Physics Research Network Group 

(SPRING). 

Solar physics currently aims at solving the following big scientific questions: 

 How is the solar magnetic field generated, maintained and dissipated? 

 How are the solar corona and the solar wind maintained and what determines 

their properties? 

 What triggers transient energetic events? 

 How does solar magnetism influence the internal structure and the luminosity 

of the Sun? 

For answering these questions it requires both high-resolution observations with 

upcoming future telescopes of the 4m class, but in addition synoptic observations can 

strongly contribute to answer these questions by addressing research topics that can 

only be answered by having a full-disk view on the sun. Besides providing the context 

information to high-resolution solar telescopes, such a synoptic network of smaller-

size telescopes with a view on the whole solar surface can:  

 Discriminate between solar dynamo models 

 Determine the characteristics of angular momentum transport inside the Sun 

 Observe, identify and characterize magnetic reconnection 

 Determine the role of induction effects near the surface for the global field 

 Observe, identify and characterize acoustic and magneto-acoustic waves in 

the upper atmosphere 

 Determine the role of the interaction of interior flow and magnetic fields 

 Enable statistical analyses with large sample sizes 

 Establish reliable space weather prediction 

 Compare the Sun with stars which differ in magnetic activity through 

asteroseismology  

 

In order to determine the scientific and technical requirements for such a new network 

their definition was elaborated by four working groups that addressed the four main 

scientific themes: 

 

1. Synoptic magnetic fields 

2. Solar seismology 

3. Transient events 

4. Solar awareness 
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Each of these four themes itself encompasses a variety of analyses, with varying 

sensitivity to instrumental and system parameters, which shall be presented in the 

following sections 

 
 

 2. SCIENCE DRIVERS 
 

2.1 Synoptic Magnetic Fields 

Sunspot and the chromospheric filaments (prominences) are the hallmark of solar 

activity and cycle. These (and other similar type) features were subject of numerous 

studies, and we now know more about their formation and evolution than just a few 

years ago. Still, many questions about the long-term changes in properties of these 

features remain unanswered. Do mean properties of sunspots, e.g., their maximum field 

strength, radius, contrast with the photosphere, formation depth etc. remain constant 

over the long period? How do the properties of the large-scale magnetic field affect the 

formation of the chromospheric filaments? Can we predict the most likely location of 

future coronal holes or a chromospheric filament based on the evolution of the 

magnetic field of active regions? How do the properties of the magnetic field change 

in bipolar groups with the phase of the solar cycle, e.g. compactness or looseness of 

the leading or following polarity, and their mutual inclination relative to vertical 

direction? Any systematic changes in these properties are likely to reflect the changes 

in the toroidal field at the location of the sunspot formation zone, e.g., in the overshoot 

region, and thus, will be useful for dynamo modeling of the solar cycle. 

Overall, the solar atmosphere is a single system unified by the presence of large-scale 

magnetic fields. Topological changes in the magnetic field that occur at one place may 

have consequences for coronal heating and eruptions for other, even remote locations. 

To better understand the large-scale connectivity and its changes over a solar cycle 

requires long-term observations of vector magnetic fields. The connectivity is likely to 

be affected by the level of activity, reflected in the number of active regions, and the 

large-scale pattern of the magnetic field, e.g. the presence and absence of filaments, 

large-scale neutral lines and coronal holes. Again, this will require synoptic long-term 

observations. Changes in the large-scale connectivity may lead to the remote triggering 

of flares and filament eruptions as well as enhanced coronal heating in localized areas 

distant from areas of magnetic field changes  due to new flux emergence. 

In this sense a full disk vector magnetograph will serve as a context imager for high 

resolution instruments as DKIST and EST to facilitate a better target selection by 

providing at first an indication of the sunspot penumbra development or a new flux 

emergence, which then allows studying these processes with higher spatial and 

temporal resolution. 
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2.1.1 Mission 

The mission of the magnetograph instrument for the SPRING Network (S_MAG 

thereafter) is to take synoptic full disk measurements of the Sun at all polarization 

states sufficiently well enough to derive the full magnetic field vector in areas of weak 

(i.e., quiet Sun) and strong (i.e., sunspots) magnetic field with moderate spatial and 

temporal resolution (1 arc second pixel size and one hour cadence) in the wavelength 

range that includes the spectral lines that form in the photosphere and the chromosphere 

with relatively high spectral sampling (< 2.5 pm). The S_MAG design should include 

a flare-mode to increase cadence to 10 minutes at the expense of spatial size of recorded 

area. The S_MAG design should ensure high stability of polarimetric measurements 

over the lifetime of the instrument, to allow an easy upgrade of key components 

whenever needed, and at a low level of instrumental polarization, or alternatively a 

simple observing procedure to determine the instrumental polarization. 

In the end, the overarching assumption is that S_MAG is the synoptic full disk 

magnetograph for the solar physics community to study the long-term and large-scale 

evolution of solar magnetic fields and to provide the context data in support of various 

missions and for Space Weather forecast. 

 

2.2 Solar Seismology 

Since the magnetic field and activity cycle must originate from inside the Sun, 

knowledge of the changes in the dynamics and structure of the solar interior on decadal 

time scales is vital if we are to understand the physical mechanism of the solar dynamo. 

This information can only be obtained from long-term helioseismic observations. In 

this section we briefly review the requirements for solar seismology.  

Information about the changes in the solar structure large scale flows, e.g.  rotation rate 

and meridional flow is obtained from the solar eigenoscillations. The dominant source 

of changes in these global eigenmodes is the differential rotation of the Sun as a 

function of depth and latitude. Solar cycle variations of the frequencies are primarily 

the result of the zonal flow known as the torsional oscillation.  There is evidence that 

the position as well as the transition of the rotation rate across the tachocline, where 

the internal solar rotation rate changes from differential to rigid, shows some temporal 

variations. A second shear zone in differential rotation is in the sub-surface layers. In 

these two shear zones the solar dynamo could operate. 

Recent measurements of the meridional flow reveal its extent over the whole 

convection zone with a possible multi-cellular structure in latitude and depth. 

Determining precisely the amplitudes of the convective flows and the structure and 

temporal evolution of the meridional flow will be one of the research foci of the coming 

years. 
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A major research area of solar physics concentrates on local helioseismology, where 

the oscillations are analyzed in a variety of techniques that do not consider the Sun as 

a global entity but instead focuses on specific localized areas. In terms of long-term 

solar cycle variations, these techniques have the great advantage that they are not 

restricted to results that are symmetric across the solar equator. They can thus reveal 

north-south hemispheric asymmetries in both the zonal and meridional flows that can 

be correlated with the hemispheric asymmetries in the magnetic field discussed earlier. 

Recent assessments of the large- and small-scale dynamics in the convection zone 

suggest smaller amplitudes for such convective flows than reported from theoretical 

models. This raises fundamental questions how a star maintains its heat transport and 

redistributes its angular momentum that lead, e.g. to the observed differential rotation. 

Helioseismic studies of the internal structure focus primarily on inversions for the wave 

speed, which depends on the temperature, composition, and magnetic field of the 

internal solar plasma. Unfortunately, it is not possible to reliably separate the effects 

of these three physical quantities since, unlike for velocity, they do not depend on the 

propagation direction of the wave. Nonetheless, it is possible to detect changes in the 

subsurface wave speed over the cycle. These changes are usually attributed to the 

surface magnetic field, but they may well have an additional thermal component. In 

addition, deeply situated magnetic or thermal variations at the base of the convection 

zone could explain some of the observed variations. 

Mapping the structure and evolution of active regions is a challenging effort, too, since 

acoustic waves passing through them experience strong modifications. This results in 

ambiguities in the various helioseismic interpretations of flows and structures within 

sunspots and their surroundings. New constraints that could be incorporated into 

helioseismic analyses may come from vector magnetic field data along with the 

velocity signal of the wave field measured in multiple heights of the atmosphere. 

Such studies are closely connected to seismic studies of the solar photosphere, 

chromosphere, and corona. High-frequency waves above the acoustic cut-off 

frequency of the Sun propagate into these layers. Furthermore structures like sunspots 

and prominences show oscillations on their own. Studies of these high-frequency 

waves in the solar atmosphere and magneto-acoustic waves in sunspots and magnetic 

loops promise new insights in the structure, formation, and evolution of solar activity 

phenomena. 

 

2.2.1 Mission 

Enabling improved and continued measurements for studying the internal dynamics 

and structure of the Sun requires a SPRING Doppler Imager. The near-surface but 

invisible layers of the Sun are changing over several timescales. To draw these 

conclusions required data that were available over several decades. In spite of this, 

there are still unanswered questions and the need for even longer data sets: We know 
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that the underlying Hale solar activity cycle actually covers 22 years rather than the 11 

years on which we see the sunspot number vary. We have not yet had consistent 

helioseismic measurements over a single Hale cycle. This needs to be achieved with 

the new SPRING Doppler Imager. The effects that we need to measure are not large 

and require consistency in the data over very long periods of time. We must be 

confident that observed variations are genuinely due to the Sun and not a consequence 

of a change in the observing methods. A key attribute of any robust detection is that 

there are multiple, independent observations of it. We have already seen this in the case 

of the quasi-biennial signal. On the other hand, it is important that instrumentation 

changes to take advantage of new improvements in technology. These changes should 

be arranged so that there are always periods of overlap for inter-calibration studies. We 

absolutely must have long-term consistent solar observations if we are ever going to 

understand the solar activity that underlies the potentially harmful effects of space 

weather. 

In order to extend the helioseismic capabilities to probe the structure and flows below 

and around sunspots, and magnetic loops, the solar oscillations need to be observed in 

multiple spectral lines from the photosphere to the chromosphere and at a higher 

temporal cadences in the order of 10 s. 

 

2.3 Solar Flares and Transient Events 

The main sources of major disturbances of space weather in the heliosphere are violent 

eruptions occurring on the Sun. Solar flares and coronal mass ejections (CMEs) are 

the most energetic eruptions in our solar system. They are driven by strong localized 

magnetic fields concentrated, at the photospheric level, in sunspots, which vary in 

occurrence frequency and size during the 11-year solar cycle. Additionally, this 

variation in the solar magnetic field also relates to an 11-year cycle in the occurrence 

of strong space weather events and storms at Earth. Coronal mass ejections are huge 

clouds of magnetized plasma expelled into interplanetary space with speeds of some 

hundred, up to a few thousand kilometres per second. They often occur in close 

association with erupting filaments/prominences. 

Flares manifest as radiation enhancements across most of the electromagnetic 

spectrum, as a result of accelerated particle beams and excessive heating of the 

different layers of the solar atmosphere. Flares, CMEs, and filament eruptions are 

thought to be different manifestations of the same underlying physical process, namely 

the release of vast amounts of magnetic energy by the process of magnetic 

reconnection. However, they may or may not occur together, with the association rate 

being a steeply increasing function with flare importance. In the strongest and thus 

most geo-effective events, typically both a flare and a CME are observed. For instance, 

recent statistical studies of filament eruptions were showing that about 55% of the 98 

events analyzed were associated with CMEs and that active region filament eruptions 

have considerably higher flare association rates (95%) compared to the eruption of 
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quiescent filaments (27%). In general, the time sequence indicates that firstly a 

filament is activated, starts to rise, and within some tens of minutes, a flare and/or a 

CME occurs. Phenomena commonly associated with these energetic processes are 

filament rise, particle acceleration, bright ribbons in the lower atmospheric layers, and 

post-flare loops. 

Current models assume that a flare is produced through magnetic reconnection 

associated to the formation of a current sheet. The intermittent nature of the non-

thermal electron beams emitted during a flare can result in variations in chromospheric 

and coronal emission over very short timescales. These variations, appearing for 

instance in lines such as the Balmer series, CaII H, K, and in the 1560 nm continuum, 

arise from a combination of energy and ionization imbalance and chromospheric 

condensation. The chromospheric plasma is heated to very high temperatures, creating 

an overpressure making it expand into the overlying post-flare loops. 

Flare ribbons observed in chromospheric lines are produced as a response of the dense 

layers of the atmosphere to bombardment from high energy particles (electrons, 

protons, and ions) accelerated in the flare reconnection site. The spectral line 

intensities, varying on sub-second timescales, depend strongly on the energy fluxes of 

these particles due to the heating of the chromospheric plasma and the non-thermal 

collisional excitation of the atomic levels. One of the possible diagnostic mechanisms 

capable of creating polarization in chromospheric lines is therefore the impact line 

polarization. The impact polarization of these lines would be sensitive not only to the 

distribution function of the particles, but also to the distribution function of the return 

neutralizing current. Spectropolarimetry of flare ribbons carried out with THEMIS 

indicates that the line intensities and polarization may also be generated by the return 

current.  

White-light flares represent the most extreme conditions reached in solar flares with 

energies comparable to some of their stellar counterparts. Although they are not 

believed to be fundamentally different from lower energy events, they are rarely 

observed. There is a distinct time delay between the white-light emission in the core of 

the flare kernel and its outer region (halo). This suggests that the core is heated directly 

by the electron beams while the heating of the halo is a secondary effect and raises the 

prospect of using white-light emission as a diagnostic for the energy of the electron 

beams. It has been suggested that all flares have some white light components which 

are only resolvable with ground-based instruments. A synoptic study of flares with 

decent spatial and temporal resolutions afforded by a ground based synoptic network 

would aid in verifying/refuting this idea and would improve our understanding of the 

radiative back-warming process that are believed to be responsible for this white light 

emission in less energetic flare events. 

Magnetic configuration and evolution 

The free energy required to power the flare event implies that there must be a strong 

deviation of the magnetic field from its potential state. Solar flares occur preferentially 
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in active regions with strong magnetic shear and regions with complex magnetic 

morphology. Magnetic complexity can be evaluated by studying the fractal dimensions 

of active regions and by estimating the magnetic shear along the polarity inversion line. 

Active regions with higher complexity produce flares more frequently and larger flare 

events. 

Magnetic helicity is a useful quantity for determining the degree of instability reached 

by a filament, leading to a filament eruption and possibly to a flare. This parameter 

quantifies how much a set of magnetic flux tubes are sheared and/or wound around 

each other. In a plasma with high magnetic Reynolds number, the magnetic helicity is 

almost conserved on a time scale smaller than the global diffusion time scale, even 

when considering the effects of magnetic reconnection. Therefore, in the solar corona, 

the magnetic helicity can be injected only through the photosphere by newly emerging 

flux or by horizontal motions of the field-line footpoints, while its excess can be 

expelled only by CMEs. Several recent studies have stressed the importance that 

knowledge of the magnetic helicity variation might have in eruptive phenomena. 

Therefore its determination is crucial to predict filament eruptions and the associated 

flares and/or CMEs.  

The lack of variations in the photospheric magnetic field during the flare has led to the 

prevailing idea that the free energy that drives the flare comes from the currents in the 

outer atmosphere, where most of the energy release occurs. Recent observations with 

GONG and MDI show abrupt, permanent changes of the photospheric magnetic field 

associated with the largest. The rate of change is tens of gauss per minute and can be 

as high as 200 Gauss per minute. These variations may be due to changes in the 

direction or strength of the magnetic field or a combination of both. However, it is 

impossible to resolve this issue with the GONG and MDI observations, which are 

limited only to the line-of-sight component of the field. High cadence vector 

magnetograms are essential for this problem. 

2.3.1 The mission 

Solar flares vary in magnitude and duration from rare white-light events to common 

microflares and other sub-arcsec rapid energy releases. The associated CMEs are the 

primary cause of adverse space weather conditions which can in turn have an impact 

on the safety of Earth-orbiting satellites and astronauts. Although flares are now 

viewed as high-energy processes, which take place mainly in the corona, the response 

of the photosphere and chromosphere to the flare-energy transport is very complex. 

The energy radiated from the lower atmosphere forms an important part of the flare 

energy budget and it is of high importance for diagnostics of the particle beams 

originating at the coronal reconnection site. It is therefore essential that the 

photospheric and chromospheric signatures and processes involved are well 

understood. 

Current models of the flare line and continuum emission incorporate the solution of 

hydrodynamics, statistical equilibrium, and radiative transfer equations. The models 
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show that the increased transition region and coronal density lead to dramatic increases 

in the line- and continuum emission in UV and optical wavelengths. In these 

simulations, the hydrogen continua initially decrease in intensity within the first second 

of the flare before they increase steeply later in the event. This is the result of the non-

thermal ionization from the electron beam. The timescales of the continuum dimming 

depend strongly on the energy of the incoming electrons. Therefore, it is crucial to 

obtain observations from the very beginning of the flare with very high temporal 

resolution of 0.1 s. 

Since the chromospheric spectral lines susceptible to the impact polarization are 

formed under non-LTE conditions and they are sensitive to scattering line polarization, 

the linear polarization observed in flares can also be interpreted as being due to 

radiation transfer effects. Such observations can provide essential diagnostic 

information for the energetics and dissipation mechanisms of the accelerated particles 

and reveal the relative importance of different polarizing mechanisms. 

It is worth noting that it is crucial to capture (almost) simultaneously the state of the 

solar atmosphere in multiple layers, in order to avoid cross-talk introduced by the rapid 

evolution of both solar structures and Earth's atmosphere seeing. Also, an instrument 

that would provide very sensitive (of the order of 5 Gauss) measurements of the solar 

magnetic field at different heights would be extremely appropriate to help constrain 

the magnetic field vector reconstructed by current and future inversion and/or 

extrapolation software. Such extreme sensitivity and high cadence would prove very 

important when dealing with rapid changes of the magnetic field associated with the 

largest flares. 

 

2.4 Solar Awareness 

TSI/SSI 

Solar radiation is the principal source of energy entering the Earth system. As such, the 

variation in the Sun’s radiative output, solar irradiance, is a prime candidate driver of 

externally driven changes to the Earth’s climate. The total solar irradiance (TSI), i.e. 

the spectrally integrated radiative power density of the Sun incident at the top of 

Earth’s atmosphere, has been monitored almost continuously since 1978 through a 

succession of space borne radiometers and was found to vary on different time scales. 

Most noticeable is the 0.1% modulation of TSI in phase with the 11 yr solar cycle. 

Changes 2–3 times larger than this are observed on timescales shorter than a few days. 

Original time series of measured values differ in terms of the absolute level. For many 

years, the canonical value of the average TSI was 1365.4 ± 1.3 Wm−2 whereas now the 

most accurate and generally accepted value is 1361 ± 0.5 Wm−2. Besides, the records 

from the various instruments also show considerable differences on the decadal trends 

of the values measured and apparent amplitude of the solar cycle variation of TSI. 
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Measurements of the solar spectral irradiance (SSI) are not continuous over the satellite 

era and until recently have concentrated on the ultraviolet (UV) radiation, because of 

the larger relative variability of SSI below 400 nm and the impact of these wavelengths 

on the terrestrial atmosphere through radiative heating and ozone photochemistry. SSI 

variations differ from those observed in the TSI. The variability of visible and NIR 

(near-infrared) bands barely exceeds 0.5% over a solar cycle; in the near UV and 

shorter wavelengths variability increases with decreasing wavelength, reaching several 

percent at 200–250 nm, and several tens of percent, and even more, below about 200 

nm. These bands are almost completely absorbed in the Earth’s middle and upper 

atmosphere and are the primary agent affecting heating, photochemistry, and therefore, 

the dynamics of the Earth’s atmosphere. 

Early satellite measurements of the solar UV variability have shown a qualitatively 

consistent behavior, which is fairly well reproduced by SSI models. This situation 

changed with the launch of the Spectral Irradiance Monitor instrument (SIM) onboard 

the Solar Radiation and Climate Experiment satellite (SORCE) in 2003, which was 

shortly after the maximum of solar cycle 23. The SORCE/SIM data showed a 2–6 times 

greater decrease of the UV radiation between 200 and 400 nm over part of the declining 

phase of solar cycle 23 compared to earlier measurements and models. The larger 

decrease measured in the UV, which exceeds the TSI decrease over the same period 

by almost a factor of two, is compensated by an increase in the visible and NIR bands. 

Variability out-of-phase with solar activity is indeed predicted by some SSI models in 

the NIR, but with a significantly lower magnitude than found by SORCE/SIM. The 

inverse variability observed by SIM in a wide integrated band in the visible was, 

however, unexpected. It can be interpreted as a result of effects induced by the 

evolution of surface magnetism in the solar atmosphere. However, other observations 

and analyses of existing long-term SSI data show results in contrast with those derived 

from SORCE/SIM. 

Physics 

It was noticed soon after the beginning of routine monitoring of TSI from space, that 

changes in TSI were closely related to the evolution of different brightness structures 

on the visible solar disc. These brightness structures (such as sunspots, pores, faculae, 

plage and network) are manifestations of the solar magnetic field emerging at the Sun’s 

surface.  

Models relating variation in solar irradiance at timescales greater than a day to 

photospheric magnetism have made significant progress in explaining most of the 

apparent trends in solar irradiance measurements. Most recent results show that models 

accounting for the variation in solar irradiance by the intensity deficit and excess 

facilitated by photospheric magnetism replicate up to 92% of the variability in the 

PMOD TSI composite 1978-2012, including the long-term trends at solar cycle 

minima, and 96% over cycle 23. The same models also reproduce most of the 

variability of SSI measured on rotational time scales, especially between 400 and 1200 

nm. 
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Most successfully models consider contributions of different brightness structures to 

the irradiance change separately. The solar energy output results thus from the sum of 

the fluxes emerging from all the features observed on the solar visible surface 

(corresponding to the solar photosphere); the number and type of disk features 

accounted for depends on the model. Usually these models require the surface area 

covered by each photospheric component as a function of time, and the brightness of 

each component as a function of wavelength and of the position on the solar disc. 

The main uncertainties in current irradiance models concern the wavelength range 

220–400  nm, where the magnitude of the variations differs by as much as a factor of 

three between existing models, and comparison with SIM measurements. Indeed, the 

magnitude of the long-term trends derived from the models is smaller with respect to 

that derived from SIM measurements at almost all wavelengths and even oppose in the 

visible between 500 and 700 nm and NIR range between 1000 and 1200 nm. Besides, 

in spite of a general consensus among reconstructions of TSI variations on the decadal 

and rotational time scales, the model based estimates of the long-term (secular) change 

of TSI since the Maunder minimum differ by almost a factor of four. Finally, other 

mechanisms of solar irradiance variations than effects of surface magnetism have also 

been proposed, related to physical processes in the solar interior, but both supporting 

and rebuttal evidences are still lacking. 

The mission 

Lack of continuous measurements, insufficient overlap between different instruments, 

and proper calibration of instrument degradation once instruments are in space 

constitute the main current problems of existing irradiance measurements. On the other 

hand, overcoming the inaccuracies and shortcomings of current irradiance models still 

require major efforts to resolve the mechanisms responsible for the measured 

variations, to improve the spectral synthesis and models atmospheres employed in 

irradiance reconstructions, and to understand the relationship between indices of solar 

activity and solar irradiance. 

 

 

SPACE WEATHER AND SPACE CLIMATE 

Except for localized regions near planets or minor bodies, the heliosphere is dominated 

by material emanating from the Sun.  Space weather and space climate consider the 

time varying environmental conditions in the heliosphere, including conditions in the 

near-Earth space defined by the magnetosphere down to the ionosphere and 

thermosphere, occurring on short- (from second to a few days) and long-term (from 

tens to thousands of years) time scales, respectively. The technology-dependent 

society, the human and robotic exploration in space, and Earth’s climate are vulnerable 

to variations of the conditions in the heliosphere. The source of these variations is the 

Sun. Indeed, the large scale structure and dynamics of the magnetic field in the 

heliosphere is governed by the solar wind flow, which has its origin in the magnetic 

structure of the solar corona driven by the emergence of magnetic flux, plasma motions 
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in the photosphere and transient solar eruptions (flares, CME) in the atmosphere. Most 

of the flux emerged in the photosphere forms chromospheric or coronal loops that do 

not contribute to the heliospheric magnetic field carried by the solar wind, but a fraction 

of flux extends out to form the heliospheric magnetic field, whose variations are an 

important source of geomagnetic activity. Interplanetary transients and geomagnetic 

disturbances are related to the changing magnetic fields on the solar atmosphere, which 

indirectly modulate also the flux of high-energy galactic cosmic rays entering the solar 

system from elsewhere in the galaxy. 

Understanding of the origin of space weather and space climate, and advancing current 

forecasting capabilities of the events affecting the environmental conditions in the 

heliosphere, imply a better knowledge of the structure and dynamics of both the 

magnetic field and large-scale motions in the solar atmosphere on time scales from a 

few seconds to several decades and even centuries. 

 

Physics 

Space weather and space climate research aim to produce reliable forecasts and 

nowcasts of the conditions in the heliosphere driven by processes on the Sun. This 

requires understanding of the origin of heliospheric disturbances at the Sun and of the 

subsequent effects of their propagation in the interplanetary space. By focusing on the 

initiation process only, there is still much fundamental research on the Sun as the driver 

of the space weather and space climate waiting to be done, as both the short- and long-

term evolution of the solar magnetic field impose forces affecting the whole 

heliosphere. 

Striking eruptive events that are driven by the evolution of magnetic fields at small 

scales in the solar atmosphere, such as flares and coronal mass ejections (CMEs), 

initiate the interplanetary disturbances occurring on the time scales from seconds to a 

few days. Solar flares are among the most energetic events in the heliosphere. They 

occur in active regions (ARs), by involving processes at various heights in the solar 

atmosphere that are powered by the magnetic field. Observations show that the 

photospheric topology of magnetic field is one of the key factors in determining the 

evolution of ARs. There is a general trend for large regions to produce large flares, and 

for more complex regions to generate more numerous and larger flares than other 

regions of comparable size. Emergence of a bipolar region that interacts with 

preexisting magnetic field in the corona, and activation of a filament with 

destabilization in the subsisting magnetic region, are identified as precursors events 

preceding the onset of flares. However, the precise conditions required to create the 

enormously energetic (up to 1033 erg on the timescale of hours) flare events are as yet 

unknown. On the other hand, CMEs consist of large structures containing plasma and 

magnetic fields that are expelled from the Sun into the heliosphere. They remove built-

up magnetic energy and plasma from the solar corona. Most of the ejected material 

comes from the low corona, although cooler, denser material probably of 

chromospheric or photospheric origin is also sometimes involved. The CME plasma is 

entrained on an expanding magnetic field, which commonly has the form of a flux 

rope. 

Initiation of flares and CMEs follows storage of energy in closed magnetic field regions 

on the solar atmosphere over a certain period of time. Then they consist of a series of 

processes, including reconnection, particle acceleration and propagation, waves, etc. 
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and ending by a restructuring of the magnetic configuration with a release of magnetic 

energy. We still do not know neither the signatures of the energy build-up in active 

regions or the triggers of the energy release that can lead to large flares and CMEs. 

Identification of pre-eruption signatures and triggers is thus crucial in deciding whether 

and when the event will occur. 

In the long-term time scales, the large-scale solar magnetic field introduce cyclic and 

aperiodic changes in the electromagnetic forces acting in the interplanetary space. It is 

known that the Sun’s low-order magnetic multipoles play a central role in the evolution 

of the magnetic field in the heliosphere on time scales from years to centuries. Indeed, 

the long-term variation of the radial component of the interplanetary magnetic field 

approximately tracks that of the total dipole moment, with additional contributions 

coming near sunspot maxima from the quadrupole moment and from CMEs. Recent 

results indicate that the hemispheric asymmetry in the flux generation and meridional 

flow contribute to the asymmetric polar fields affecting e.g. the position of the 

heliospheric current sheet. 

In the flux transport dynamo, the origin and evolution of the dipole field are closely 

related to the emergence of active regions and the subsequent dispersal of their flux 

over the photosphere. Continuous monitoring of the flux emergence and dispersal in 

the lower atmosphere is needed to constrain e.g. flux dynamo models, as well as 

potential field source surface models employed to study the environmental condition 

within the heliosphere in time. 

 

The mission 

Lack of high temporal and spatial resolution observations and low-noise measurements 

of the magnetic field obtained simultaneously at various heights in the solar 

atmosphere has prevented the conclusive identification of the fundamental precursor 

and triggering processes of the magnetic field evolution in AR hosting eruptive events. 

We still lack a quantitative understanding of how the magnetic complexity in a source 

region relates to CME productivity. 

Similar studies applied to regions hosting flares produced still inconclusive results. On 

the other hand, direct measurements of the magnetic field in the solar atmosphere date 

back only late 1950s. Vector magnetic field measurements are available only since 

2003. 

Therefore, multi decadal- and longer-term variations of the magnetic field properties 

on the solar atmosphere need to be inferred from other indirect measurements of solar 

magnetic fields, e.g. time series of sunspot numbers. An improved knowledge of the 

variation of the magnetic field over the cycle in full-disk observations, as well as of the 

relation between solar activity indices and field measurements, is needed to improve 

our current knowledge of the long-term solar variability and its effects in near-Earth 

space, atmosphere and climate. 

 

 

SUN-AS-A-STAR 

The Sun is the only star for which intensity patterns, plasma motions, and magnetic 

fields properties can be derived in great detail at various heights in the solar 

atmosphere, by using direct spectro-polarimetric measurements obtained at high-

temporal and spatial resolution, at various spectral ranges. Nevertheless, disk-
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integrated observations of the solar atmosphere represent important input data to both 

stellar and solar research. Indeed, analysis of simultaneous disk-resolved and disk-

integrated observations of the solar atmosphere allow for investigations of the 

contribution of individual solar features and physical processes of the solar atmosphere 

to the solar spectrum. This provides interpretation of stellar spectra with unique data 

that cannot be obtained from observation of other stars still imaged with insufficient 

resolution to allow direct measurements of the plasma motions and magnetic fields. 

Moreover, several programs have been taking regular sun-as-a-star observations on 

various lines of the solar spectrum since late 1960s and these measurements now 

constitute a record of the long-term variation in solar activity available for use in 

models. 

 

The mission 

The main objective is to continue the Sun-as-a-star observations. The results of the 

synoptic measurements of full-disk solar magnetograms carried out on a daily basis at 

various observatories, starting at the Mt Wilson Observatory in the late 1950s, have 

been stored as are at the various sites and also further processed to produce e.g. time 

series of disk-integrated solar magnetic field measurements. These series include e.g. 

measurements of the fractional solar surface covered by magnetic fields, as well as the 

ones of the low-order coefficients of the spherical harmonics that decompose the 

magnetic field observations as a function of the surface latitude and longitude. The 

former data have been employed to model e.g. solar irradiance variations. On the other 

hand, the time series of the multipole coefficients have been used to study e.g. the 

dominant length scales and symmetries of the observed field, as well as to predict the 

value of the sunspot numbers at the next solar maximum. 

Since late 1960s Ca II K line profiles of the Sun were also obtained both integrated 

over the solar disk and at given latitudinal bands at e.g. the National Solar Observatory 

and at the Kodaikanal Observatory, by using high-resolution spectrographs. For the 

subsequent decades, these K-line monitoring programs have produced almost daily 

measurements of several parameters characterizing the Ca II K-line measurements. 

The daily observations of the disk integrated Ca II K emission at the NSO Kitt Peak 

have been obtained with the Integrated Sunlight Spectrometer (ISS) of the SOLIS 

telescope since 2006. The ISS monitors the solar emission at nine different wavelength 

bands regularly. 

A recent analysis of the NSO CaII K data indicates that the temporal variation of the 

measured line parameters consists of five components, including the solar cycle eleven 

year period, a quasi-periodic variation with 100 day period, a broad band stochastic 

process, a rotational modulation, and random observational errors. Besides, It has been 

reported a weak dependency of intensity in the Ca II K line core measured in the quiet 

chromosphere with the phase of the solar cycle. This dependency has been attributed 

to the signature of changes in thermal properties of basal chromosphere with the solar 

cycle. 
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 3. DETAILED DESCRIPTION OF SCIENCE 

REQUIREMENTS 

3.1 Synoptic Magnetic Fields 

Operational Space Weather forecast requires continuous stream of high quality data (in 

terms of uniformity in spatial and temporal resolution and polarimetric noise level).  

The performance of (at least some) modern modeling approaches, e.g. ADAPT code 

may be affected by non-uniformity of input data (e.g., use of magnetograms from 

instruments with different noise/bias characteristics). Availability of synoptic vector 

data will allow to eliminate unphysical assumptions (e.g., assumed verticality of the 

photospheric field in quiet Sun and even active regions) that are currently used in 

constructing synoptic magentograms from line-of-sight magnetograms.  For space 

weather forecast, it seems sufficient to have full disk magnetograms with moderate (1 

arc second resolution, i.e. 0.5 arc second pixel) spatial resolution and 10 minute 

cadence. 

 H-alpha full-Stokes spectropolarimetry 

 Ca II 8542 Å full-Stokes spectropolarimetry  

 Ca II K full-Stokes spectropolarimetry  

 He I 10830 Å full-Stokes spectropolarimetry 

3.2 Solar Seismology 

To enable the possibilities for studying the long-term cycle dependence of solar 

structure and interior dynamics the existing time series need to be extended. 

Furthermore, the new scientific questions require to increase the number of spectral 

lines as well the temporal cadence. This translates into the requirements of having 

 Full-disk, high resolution observations at 1 arc second spatial resolution, a high 

temporal cadence of 10 s in photospheric velocity and intensity. A cadence of 

1 minute in the line-of-sight magnetic field and 10 minutes in the full-vector 

magnetic field. All observations shall be complementing the existing GONG 

and HMI spectral lines but continuing beyond them including the low-l modes. 

 The sensitivity in velocity shall be in the order of 5 m/s. 

 High resolution co-temporal and co-spatial spectropolarimetry at least five 

heights in the photosphere and chromosphere linking magnetic field 

information. 

 Large field of view studies of the chromosphere. 
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3.3 Transient Events 
Based on the considerations above, we suggest observing flares and transient events in 

the following spectral lines and continua: 

 Hα (6563 Å) line-core high-cadence imaging, bandwidth max. 0.5 Å. This 

provides an identification, location, and tracking of the evolution of flares and 

eruptive filaments/prominences. The location of flares and erupting filaments 

provide important information whether an associated CME is potentially 

heading toward the direction of Earth. 

 Hα full-Stokes spectropolarimetric sampling in the range ± 1.5 Å, step 0.15 Å. 

This provides information on chromospheric magnetic field and Doppler 

velocities in the high chromosphere and can be used to study impact and 

scattering polarization. 

 Ca II 8542 Å full-Stokes spectropolarimetric sampling in the range ± 1 Å, step 

0.1 Å, continuum at 8551 Å. This provides information on chromospheric 

magnetic field and Doppler velocities in the middle chromosphere. 

 Ca II K, H (3934, 3968 Å) line-core high-cadence imaging. This provides 

information about the location of impact sites and tracking of the evolution of 

chromospheric ribbons in the lower chromosphere and upper photosphere. In 

the context of multi-wavelength observations, this would allow us to track the 

response of this part of the atmosphere to the flare. 

 Ca II K full-Stokes spectropolarimetric sampling in the range ± 1. Å, step 0.15 

Å, because the linear scattering polarization of the Ca II K line is a very 

sensitive tool to determine the temperature profile in the high photosphere and 

low chromosphere. The line core forms in the upper chromosphere and it is 

likely to be susceptible to the impact polarization due to the electron beams. 

 He I  IR (10830 Å) full-Stokes spectropolarimetric sampling in the range – 4/+2 

Å, step 0.15 Å, including a Si I line at 10827.089Å. This provides information 

on magnetic field and Doppler velocities in upper chromosphere, together with 

co-spatial information of the photosphere with the Si I line. 

 High-cadence imaging in the continua: blue 4170 Å (like ROSA, bandwidth 52 

Å), red 6540 Å (near Hα, bandwidth 10 Å), IR 1.56 μm (bandwidth 5 nm). 

 Cadence of observations: imaging – 10 frames per second; spectropolarimetry 

– 1 scan per 10 seconds. 

 Field of view 40' x 40' (2.5 solar radii), spatial resolution 1''.2. 

 To understand the role of the various physical processes involved in solar flares 

we require simultaneous observations in lines and continua at different heights 

in the chromosphere and photosphere, at the highest temporal resolution. Such 

observations should be coordinated with space-borne instruments to provide 

information in the radio, EUV, and X-ray energy regimes. 
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3.4 Solar Awareness 

TSI/SSI 

The magnitude and even the sign of the contribution to solar irradiance of any given 

solar feature depends on its size, its position on the solar disk, and the wavelength 

being observed. Patches of unresolved magnetic field elements in the Quiet Sun 

varying over the solar cycle or disk feature could also contribute to the solar irradiance 

changes. Based on the considerations above, we suggest the following requirements 

for the design of the instrument and its operation: 

 Diffraction limited full-disk solar observations. This requirement sets the size 

of solar image to be 0.5 arcsec per pixel on the detector at least. 

 Image stabilization. This requirement sets the telescope design so to guarantee 

image stabilization through a combination of a high-speed tip/tilt mirror and 

low-speed guiding system. 

 Photometric observations with a relative pixel-to-pixel precision of 10-3 

maintained constant over time. This requirement sets the detector 

characteristics and observational procedures to be optimized to determine the 

brightness temperature of a 1 arcsec feature on the solar disk with about 1-2 

degrees Kelvin accuracy, as currently achieved in the best observations taken 

with the PSPTs. This requirements also sets the telescope design and telescope 

operation finalized to reach a very low level of instrumental stray-light and to 

maintain it constant in time, respectively. Besides, it also implies thermally 

stabilized optical components to produce monochromatic images whose 

spectral signature is constant in time. 

 Multi-wavelength observations of the solar atmosphere at various heights to 

determine the solar features contributing to TSI and SSI variations. The 

employed filters do allow isolate different layers in the solar atmosphere, and 

to maintain the range of observed atmospheric heights constant in time and over 

the FOV. This requirement sets the telescope design so to allow simultaneous 

(or near-simultaneous) observations at various wavelengths by e.g. interference 

narrow-band filters whose transmission is constant in time and over the filter 

diameter. The current PSPTs use 5 narrow-band interference filters (CaIIK, 

blue cont (409 nm), red continuum (607 nm), G-band (430 nm), green, CaIIK 

core, CaIIK wing). Continuation of the time series of the PSPT observations 

available in the next decades is especially important since the long-term trends 

of solar activity have become a topic of great interest and research after the last 

activity minimum. Inclusion of additional filters in the NIR, in the 

neighborhood of the H- opacity minimum, would allow determining changes 

in the photospheric structure. In this frame, the opacity-conjugate wavelengths 

of the pairs (506.1 nm, 1241 nm) and (668.4 nm, 1055 nm) have been proposed 
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to the purpose. Observations at 1644 nm would allow monitoring the deep 

photosphere contribution to irradiance changes.  

 Ca II K narrow-band and uniform observations. Ca II K observations are 

important to allow their use as tracers of solar magnetism independently of 

available accurate magnetograms. The requirement of Ca II K narrow-band and 

uniform observations also translates into being able to extend modern 

observation back in time, by using historical observations of SHG time series 

started beginning of 20th century at several observatories. Inclusion of 

additional filters centered at chromospheric lines (Hα 656 nm, Ca II triplet 855 

nm, NaID 589 nm) would allow modelling the chromospheric contributions to 

irradiance variations. The same holds for observations at 1083 nm. The 

requirement of multi-wavelength observations may lead consideration of using 

tunable Fabry-Perot instruments. 

 Continuity and redundancy of the observations in time. PSPTs show that 

continuity over time and redundancies over the observing day, as well as man-

power for the telescope operation, maintenance and data processing, are quite 

important factors to allow any further use of the data obtained with synoptic 

instruments useful in the framework of solar irradiance studies. 

 

Space Weather and Space Climate 

Identification of pre-cursor conditions and triggering processes in active regions 

hosting eruptive (events, as well as the characterization of the large-scale properties of 

the solar magnetic field, require key information on the conditions of the plasma 

depicted by the vector magnetic field and Doppler measurements at various heights in 

the solar atmosphere. Based on the considerations above, we suggest the following 

requirements for the design of the instrument and its operation: 

 Diffraction limited full-disk measurements of the intensity, vector magnetic 

field, and Doppler velocity. This requirement sets the size of solar image to be 

0.5 arcsec per pixel on the detector at least. 

 Image stabilization. This requirement sets the telescope design so to guarantee 

image stabilization through a combination of a high-speed tip/tilt mirror and 

low-speed guiding system. 

 Simultaneous, multi-height, multi-parameter (velocity, intensity, magnetic 

field), high temporal and spatial resolution, full-disk measurements over 

extended periods of time. This requirements sets the telescope design to include 

e.g. a double channel imager with Magneto-optical filter instruments at various 

lines of the solar spectrum. This requirement translated into the ability to obtain 

very high temporal cadence (5 s) simultaneous intensity, magnetic and velocity 

maps of the solar disk at various heights in the solar atmosphere useful to study 
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the precursor conditions and triggering processes occurring in active regions 

hosting eruptive events. The following lines have been proposed for 

observation with such filter instruments: 422 nm (Ca I), 589 nm (Na D2), 770 

nm (K), and 1083 nm (He I). The formation height of these lines ranges from 

the low photosphere to the chromosphere-corona transition region. 

 Monochromatic measurements. This requirement implies thermally stabilized 

optical components to produce measurements whose spectral signature is 

constant in time. 

 Continuity and redundancy of the observations in time. 

 

Sun-as-a-star 

Continuation of these series translates into being able to extend modern observation 

back in time, by using also the earlier observations at the magnetic field indices and 

Ca II K line parameters to model long-term solar variations. 

 

 

 4. FIRST TECHNICAL REQUIREMENTS 
 

The science requirements described in section 3 above imposes some technical 

requirements on the instrument design. Here we discuss these technical requirements 

for SPRING. 

 

Temporal Sampling: To avoid the aliasing noise due to higher frequency oscillations, 

which are not trapped, past experience (GONG and MDI) tells that  a Nyquest 

frequency of ~16mHz (30seconds) sampling frequency is adequate enough. For 

SPRING the goal is to acquire multi-height observations up to the height of 

chromosphere. To obtain a single Dopplergram per minute per spectral line would take 

30/N seconds, where N is the number of spectral lines decided in final design. 

Assuming a modest number of 4 to 5 spectral lines the sampling interval would be ~6 

seconds. It may be noted that there will be a dead time between the measurements of 

spectral lines due to change of prefilters or grating position. In addition, for each 

spectral line it is required that data are continuously averaged over the sampling 

interval to suppress high frequency signal aliasing into important frequencies.     

 

Angular Sampling: The goal of SPRING is to resolve the Doppler signals to much 

higher latitudes than by GONG, to study the magnetic field, oscillations and the 

velocity field at high latitudes. Due to the inherent upper limit to angular resolution set 

by the atmospheric seeing it is reasonable to assume a ~2 arcsec resolution i.e., 1 arc-

sec per pixel. This would translate to l=1230 assuming 9/10 of the projected distance 

from disk center to limb is observed.  
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Wavelength Sampling: The spectral  lines should be chosen such that the ratio of the 

velocity signal due to solar acoustic oscillations to velocity signal due to non-

oscillatory mechanism is high. Further, the lines should be free from blends with clean 

continuum, especially for the photospheric lines. The number of wavelength samples 

should match the spectral resolution (two samples per resolution element).   

 

Noise: A large signal-to-noise ratio is desired in the observations. The basic criterion 

is that the instrumental noise in the velocity measurement should be less than the solar 

background noise at the frequencies of oscillation modes. The spectrum of background 

solar velocity is not well known, however, according to the estimates in GONG report 

the instrumental noise should not exceed an rms value of 10 cm/s over the frequency 

range 1-10 mHz.  This requirement applies to observations of lowest degree modes. 

The detection of higher degree modes involves differential measurements of the signal 

from different angular elements and thus noise common to all the elements is removed.  

 

Pointing Jitter: The rms jitter in the image due to tracking and mechanical errors 

should be less than the rms image motion due to seeing motions.  

 

Telescope Aperture: The Doppler measurements and magnetic measurements do not 

have the same requirements as far as number/choice of lines, cadence, SNR etc. are 

concerned. The size of the telescope aperture is dictated by the photometric SNR, 

number of spectral lines and cadence considerations. The actual number of lines, line 

selection and SNR for each line for velocity and for magnetic measurements is 

currently under study. The final aperture size will be determined after the spectral lines 

have been chosen. The telescope for velocity and magnetic measurements may be 

separate.  
 

Spectrometer: Here again the requirements for velocity and magnetic field 

measurements are inherently different. For e.g. the magnetic measurements are best 

done with high spectral resolution measurements. Cadence requirements for magnetic 

and velocity field measurements are also different. In case of velocity measurements a 

2-dimensional filtergraph such as Fabry-Perot etalons offers many advantages such as 

possibility of image reconstruction and rapid tunability. The instrumental transmission 

profile for velocity measurements needs to be identical across the whole field-of-view 

(FoV), this would mean that the FP etalon should be used in a collimated mount instead 

of telecentric configuration.   
 

Detector Requirement:  

QE: more than at least10% for the range of spectral lines used.  

Wavelength Range: Single CCD to cover all chosen spectral lines.  

Full Well: High enough to not saturate in single minimum exposure with chosen 

telescope aperture. 

Format 2kx2k to obtain 1 arcsec/pixel 

Frame rate: at least 100 fps (to freeze atmospheric seeing) 
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Polarimetry Requirement: Four state balanced modulator optimized for high 

efficiency across the spectral lines must be chosen. Proven designs such as ferroelectric 

liquid crystals (FLCs) to be preferred with high modulation frequency to beat seeing 

together with dual beam polarimetry.  

SNR of 1e4 for chromospheric and 1e3 for photospheric lines. One fulldisk observation 

per line at  minimum of 10 minute cadence.  

 

 

 5. CONCLUSIONS 
 

The science requirement study for a new ground-based network to complement high-resolution 

solar telescopes has shown that there is high demand of the solar physics community for 

ground-based synoptic observations of the full solar disk, because a lot of physics of the Sun 

can be learned from such a network on its own: 

 

In order to understand the solar activity cycle, i.e., the generation and decay of the magnetic 

field, one needs high-resolution observations of the Sun together with full-disk synoptic 

(continuous and comprehensive) observations of the Sun in different wavelengths and 

polarizations. 

While high-resolution observations will provide the details of small scale magnetic fields, to 

allow studying local dynamo processes, the emergence of magnetic flux, and cancellation and 

surface diffusion, synoptic observations of the Sun will facilitate studying large samples of 

sunspots and active regions, the subsurface dynamics of the Sun, such as the profile of solar 

differential rotation, meridional and zonal flows, and their overall variability. These 

phenomena play important roles in the solar dynamo operation. 

In addition, the field of space weather is increasingly important for our technology dependent 

world, and the useful forecasting of space weather impacts from flares and CMEs requires a 

reliable source of continuous real-time measurements of the magnetic field vector in solar 

active regions. It is therefore desirable to complement the quest for high-resolution 

observations of the Sun with a parallel effort that seeks to extend our existing capacities of 

ground-based telescope networks (e.g. BiSON and GONG) for synoptic observations that 

provide essential information about the large-scale and global processes on the Sun. 

 

In our science requirements study, the four working groups defined their requirements for 

future improved synoptic observations from the Sun. These requirements are different for all 

four teams and partly technically challenging. In principle future synoptic observations are 

comparable with today’s observations at the 50 cm to 1 m class telescopes, but on the full solar 

disk. A first technical feasibility analysis shows that such observations could be realized in a 

synoptic mode. Probably, it is not one instrument that can deliver intensity, velocity, and 

spectro-polarimetric measurements at once. But these new synoptic observations could be 

realized by several instruments fed by, e.g. one big telescope or several smaller telescopes, 

carried by a platform that can carries these instruments. 

 

A technical feasibility study is now brought on the way to finally develop concepts for such a 

new network. 
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ANNEXES 

The publications listed in the above list of referenced documents were published during the 

Science and Technical Requirement Study and are annexed to this document. 

 


