Annales Geophysicae, 23, 3149-3161, 2005 — "*
SRef-ID: 1432-0576/ag/2005-23-3149 G Anngles
© European Geosciences Union 2005 Geophysmae

Solar weather monitoring

J.-F. Hochedez, A. Zhukov, E. Robbrecht, R. Van der Linden, D. Berghmans, P. Vanlommel, A. Theissen, and F. Clette
Royal Observatory of Belgium, Circular Avenue 3, B-1180 Brussels, Belgium

Received: 28 February 2005 — Revised: 18 July 2005 — Accepted: 12 August 2005 — Published: 22 November 2005

Part of Special Issue “1st European Space Weather Week (ESWW)”

Abstract. Space Weather nowcasting and forecasting re- Geomagnetic storms are identified using indices kke
quire solar observations because geoeffective disturbances D,,. They occur when a sufficiently strong negative (i.e.
can arise from three types of solar phenomena: coronal massouthward)B, — the North-South component of the inter-
ejections (CMEs), flares and coronal holes. For each, we displanetary magnetic field (IMF) — interacts with the Earth’s
cuss their definition and review their precursors in terms ofmagnetosphere and, to a lesser extent, when the dynamic
remote sensing and in-situ observations. The objectives opressure of the solar wind is enhanced. The main solar phe-
Space Weather require some specific instrumental featuresi,omena responsible for the appearance of such conditions in
which we list using the experience gained from the daily op-the solar wind are Coronal Mass Ejections (CMEs) and high
erations of the Solar Influences Data analysis Centre (SIDC¥ypeed flows from Coronal Holes (CHs). CMEs are the main
at the Royal Observatory of Belgium. Nowcasting requirescause of major geomagnetic storms (Gosling et al., 1990;
real-time monitoring to assess quickly and reliably the severKahler, 1992; Brueckner et al., 1998; Webb et al., 2000;
ity of any potentially geoeffective solar event. Both researchSt. Cyr et al., 2000). Richardson et al. (2001) show that the
and forecasting could incorporate more observations in ordemost intense storms (defined i,) at both solar minimum
to feed case studies and data assimilation respectively. Nuand solar maximum are almost all associated with CMEs.
merical models will result in better predictions of geomag- Flares affect the ionosphere immediately, with adverse ef-
netic storms and solar energetic particle (SEP) events. Wéects upon HF communications and radio navigation (GPS
review the data types available to monitor solar activity andand LORAN). Major SEP events are associated with fast
interplanetary conditions. They come from space missionsCMESs, which are also typically accompanied by flares. Par-
and ground observatories and range from sequences of dopficle acceleration by CME-driven shocks and flares has been
lergrams, magnetograms, white-light, chromospheric, coroproposed, but the relative role of each mechanism, as well as
nal, coronagraphic and radio images, to irradiance and in-sitihe source of the accelerated particles is a subject of current
time-series. Their role is summarized together with indica-debate (e.g. Reames, 1999; Kahler et al., 2001; Cane et al.,
tions about current and future solar monitoring instruments.1988, 2003; Tylka et al., 2002, 2005).

Space Weather entails various solar phenomena and their

Keywords. Solar physics, astrophysics and astronomy_manifEStations in the solar wind to be monitored. Solar mon-

(Flares and mass ejections; Energetic particles; Instrumentdring serves both nowcasting and forecastiNgwecasting
and techniques) operations involve real-time information. To satisfy these

needs, monitoring observations must allow the identification
of at least one phase of any geoeffective event and the assess
ment of the severity of those perturbed conditions.
1 Introduction Observations supportinigprecastinghave to be even more
insightful. Instead of the events themselves, forecasters must
The hostile manifestations of Space Weather can be broadl{pok for their precursor(s)in a timely manner in order to
categorized into geomagnetic storms, large variations of thd€ able to reliably predict the upcoming event. In addition
X-ray to ultraviolet flux (flares) and solar energetic particle to operational services, monitoring must in parallel support

events (SEPs). post-event analysis by supplying germane datasets for case
studies. The requisite of forecasting invigorates solar and
Correspondence tal.-F. Hochedez heliospheric research since more data have to be gathered

(hochedez@sidc.be) to hone better predictions. Solar forecasts should ideally be
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guantitative and probabilisticThe modern trend is to assign Following Hundhausen et al. (1984) and Schwenn (1995),
indices of confidence to the expected solar and geomagnetia coronal mass ejection isn@w, discrete, bright feature with
activity, events and conditions. Forecasters aim to eventuallya radially outward velocity in a white-light coronagraph field
determine the probability distributions of parameters such asof view Robbrecht and Berghmans (2004) discuss the valid-
for CMEs, the time of arrival, the NorthSouth component ity and the limitations of this definition, showing especially
of the IMF, the dynamic pressure, etc. that gusty outflows and other LASCO events can conform
Forecasting interplanetary conditions implies nowcastingto it, while not being true CMEs. The orthodox white-light
the Corona. The causality chain actually originates below thepicture of a CME displays a bright leading edge followed
photospheric surface, although exploiting local helioseismol-by a dark cavity and a central dense core representing an
ogy is considered speculative at present. Forecasters usualgrupted prominence (Crifo et al., 1983; Hundhausen et al.,
restrict themselves to coronal and photospheric drivers. 1987). However, CME observations by LASCO often do not
The goal ofpost-event analysis to assemble a precise show these three parts clearly. This is especially the case for
global picture of the scenarios that can alter the heliospheréialo CMEs, when the matter is seen erupting around the en-
Modellers aim at developing numerical simulations in ordertire solar limb: these CMEs travel along the line-of-sight, to-
to improve the understanding and the predictions of the solawards or away from the Earth. They appear faintly in white
wind and heliosphere. In this framework, monitoring should light because of the angular properties of Thompson scat-
lead to data that can be assimilated in numerical codes (Frjering and are therefore hard to detect. It is also difficult
et al., 2001; Schrijver and DeRosa, 2003; Luhmann et al.fo make reliable measurements of their physical properties
2004). Monitoring data must also be accumulated and sum{speed, density, mass, magnetic field...).
marized in the long-term to improve our understanding of CME-related signatures are present in a variety of data,
proxies for e.g. paleo-climatology. such asradio bursts which are classified following Wild
The scope of this paper was originally intended to be the€tal. (1963). Type Il radio bursts starta100 MHz and then
solar source®f Space Weather, but we have broadened thisdecline in frequency to a few MHz within typically 30 min.
to include other frequently-used monitoring capacities suchSuch radio bursts have been attributed to shocks generated
as in-situ surveillance at 1 AU. Nevertheless, the focus reby CMEs which accelerate particles that in turn emit radio
mains Solar Weather. In the next three sections, we diswaves. As recalled by Jacobs et al. (2005), the frequency
cuss the main categories of solar phenomena that are reflrift of the resulting type Il radio emissions is related to the
evant to Space Weather, namely: CMEs, flares and CHsdynamics of the shock and the related CME, as the density of
For eachremote sensingnd in-situ observations are sum- the ambient solar wind drops with increasing distance from
marized. Since nowcasting requires recognizjegeffective  the Sun. However, the relationship between metric to kilo-
circumstancesn the midst of otherwise complex and noisy metric type Il bursts and CME-produced shocks is not strict
observations, the definition of these circumstances is criti{Claen and Aurass, 2002; Wen and Wang, 2004). Type Il
cal if one is to assess the value of a particular monitoringévents are often accompanied by a parallel burst at the first
technique. This point has emerged during the recent yearBarmonic (approximately double the frequency) of the main
when comparing human and automatic event identificationsburst. Two or more CMEs colliding in the interplanetary
In each section, we examine the precursors that allow to forespace can cause unusual radio signatures (Gopalswamy et al.,
cast the timing and the magnitude of the related phenomenor2001b).
The occurrence of geoeffective particle events is usually as- In the low Corona, CMbnsetsignatures include filament
sociated with large CMEs or flares. SEPs will thus be men-eruptions, coronal dimmings, EIT waves and post-eruption
tioned in the context of their solar origin and not granted aarcades observed in the EUV and sigmoid-to-arcade restruc-
dedicated section. We review the instruments needed to morfuring in soft X-rays (Hudson and Cliver, 2001). A CME is
itor Solar Weather in Sect. 5. often accompanied by several of these signatures but rarely
by all together. CMEs are also correlated with fast phenom-
enavisible in K such as Moreton waves and filament sudden

2 Coronal mass ejections (CMESs) disappearances (Mouradian et al., 1995). On-disk signatures
in Ho, EUV or X-rays do not guarantee that a CME has oc-
2.1 CME definition and nowcasting curred, but they provide a means of identifying those full and

partial halo CMEs that are directed toward the Earth (Zhukov
Flares are not the main cause of interplanetary disturbancest al., 2003; Zhang et al., 2003; Zhukov, 2005). They also
producing non-recurrent geomagnetic storms: c.f. “The So-help in determining parameters like magnetic field orienta-
lar Flare Myth” (Gosling, 1993, and subsequent debates)tion and time of eruption.
The central role is now attributed to events presently known In-situ data have a very different character than the infor-
as “Coronal Mass Ejections” (Gosling et al., 1974). CMEs mation revealed by remote sensing. They are mostly time
are eruptions of matter from the Sun, typically observedseries that measure the properties of the CME only when it
by white-light coronagraphs. Their noteworthy relationship arrives in the vicinity of the Earth. Observations atthe L1 La-
with flares is not well understood and is clearly not one-to- grange point,~1.5 million kilometres upstream of the Earth,
one (Kahler, 1992). are particularly useful in providing solar wind observations
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~1 h before the plasma reaches the Earth (See Weimer et aljAnd indeed, some extraordinarily fast CMEs reach the Earth
2002, for an exploitation of the time delay between differ- in less than 20 h. By contrast, the solar wind transit time from
ent orbits). The in-situ CME counterparts are termed “inter-the Sun to the Earth is about 120 h for a typical velocity of
planetary CME” (ICME). They are characterized by a num- 400 km/s. Gopalswamy et al. (2001a); Schwenn et al. (2001);
ber of signatures (e.g. Gosling, 1990, and references therein)¥ang et al. (2002); Cho et al. (2003) have derived more com-
These may include regions of enhanced (rather stable) maglicated relationships between the travel time and the initial
netic field, decreased proton temperature and high alpha€ME velocity. Regarding location of the source, Wang et al.
particle over proton ratio. Counter streaming suprathermal2002) and Zhang et al. (2003) found that CMEs responsible
solar wind electrons might be present. Often but not alwaysfor major geomagnetic storms come mostly from the west-
the IMF may smoothly rotate through a large angle and theern hemisphere and within a latitude strip-680° around
plasma beta is low. These are the characteristics of a maghe equator.
netic cloud (e.g. Klein and Burlaga, 1982; Burlaga, 2002). The strength of the southward magnetic field associated
Fast ICMEs are usually preceded by a forward shock wavewith ICMEs is an important parameter for predicting geoef-
Between the shock and the magnetic cloud, there is a sheaflectiveness. Lindsay et al. (1999) found a relationship be-
region where the magnetic field is typically enhanced andtween CME speed and magnitude of the total magnetic field
may vary rapidly. related to the ICME and therefore also with the intensity of
The nature of CMEs can be better refined if several com-geomagnetic storms. A method of predictiBy directly
plementary observations are examined (Emslie et al., 2004yemains elusive. The orientation of the neutral line of the
To predict quantitatively the geospace impact, it is indispens-CME source region (when bipolar) in the photospheric mag-
able to gather all possible pieces of information including anetograms can provide one indicator of the ICME field di-
knowledge of the magnetosphere into which they propagaterection. Bothmer and Rust (1997) pointed out that the di-
Robbrecht and Berghmans (2005) review the current statusection of the internal magnetic field of the ICME associ-

of the automated nowcasting capabilities of CMEs. ated with the January 1997 halo CME could be inferred from
the solar magnetic field structure at the site of the associ-
2.2 Predicting ICMEs ated filament. A one-to-one correspondence between fila-

ment chirality (Chae, 2000; Pevtsov et al., 2003) and the

Today, the trend is toward more quantitative predictions of,sign of magnetic helicity in interplanetary CMEs has been re-
e.g. the time of arrival, the mass, the speed andthessoci-  ported in a number of studies (Bothmer and Schwenn, 1994;
ated with ICMEs and upstream sheaths. Our current ability toMarubashi, 2000; Yurchyshyn et al., 2001; McAllister et al.,
forecast if and when a CME will impact the Earth, as well as 2001). These findings represent a great step forward for
its geoeffectiveness, is still relatively poor. Ideally, the SpaceSpace Weather predictions since they show that magnetic
Weather community needs near-real-time alerts for (partialkields within ICMEs may be predictable from measurements
halo CMEs that allow sufficient time to run 3-D MHD simu- of the solar magnetic field and simultaneous coronal obser-
lations and thereby estimate their geoeffectiveness. vations. Jing et al. (2004) illustrate the prediction of geo-

When a CME is seen in LASCO and determined to be trav-effective events on the basis of the chirality of the associ-
elling towards the Earth, its speed (projected onto the planeted filament and its magnetic field orientation. However,
of the sky) and conceivably its acceleration, might be ex-strong magnetic fields, and in particular strong negalive
trapolated to estimate the time of arrival at Earth. The firstcan stem not only from the plasma ejected from the Sun, but
difficulty here is that the Earthward velocity of a halo CME also from compression of the ambient solar wind by CME-
is difficult to know because it is propagating well out of the driven shocks
plane of the sky. Schwenn et al. (2001) have estimated the
line-of-sight CME velocity based on its measured expansion2.3 Predicting CMEs
speed. Various models have been proposed to simulate the
propagation of the CMEs through the heliosphere, see e.gWe have discussed above the prediction of ICMEs at Earth
Luhmann et al. (2004) and the review by Dryer (2002). Thebased on prior CME observations. A fundamental advance
comparison of models with case studies is hampered by thaould be the ability to forecast CMExeforethey are seen in
fact that the location of the shock wave relative to the CME a white-light coronagraph. Until recently, this has not been
is presently unknown and that the relationship between theeally implemented by Space Weather forecasters, but this
classical three-part CME structure and the features found ircould change (Jing et al., 2004). The operational motiva-
in-situ solar wind measurements is poorly understood. Em+ion might appear moderate given the significant time avail-
pirical relations linking the initial velocity of the CME with  able before a LASCO CME reaches the Earth (typically 2—-3
the time of its travel to the Earth are also of great value. Andays). However, ideal forecasting would predict fast CMEs
early example is the “80 hour rule” (Brueckner et al., 1998) as well as flares because both may generate dangerous quasi-
which they suggested “allows one to estimate an early timémmediate proton storms (Cliver et al., 2004).
of a geomagnetic storm’s onset (regardless of its initial ve- CMEs are often closely linked with prominence eruptions
locity)” while noting that “this rule will not apply during in- and hence their prediction requires identifying the symp-
creasing solar activity, when very fast CMEs are occurring”. toms which suggest that filaments seen in chromospheric or
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coronal images are about to become unstable. Many differrapidly decline in frequency to a few MHz within typically
ent CME initiation scenarios have been suggested and it i$ min. They are caused by near-relativistic electrons moving
a challenge to validate or falsify them (Sterling and Moore, along open magnetic field lines from flaring centres close
2004). Theoretical models have been reviewed by Klimchukto the Sun into lower density regions. The acceleration of
(2000). Based on basic physical properties, such as enethe electrons is a result of magnetic reconnection, which also
getics, structure and dynamics, he distinguished five mod€auses a downward stream of electrons into lower and denser
els which can be divided into two types directly driven  regions of the atmosphere, giving rise to X-ray emission
models and 2¥torage and releasmodels. However, a com- (Bastian et al., 1998). Cane et al. (2002) show radio spec-
prehensive statistical study on CME speeds has provided ntra of flares together with their X-ray light curves, evidenc-
evidence for the existence of these two classes (Yurchyshying a new class of type lll-like emissions (termed type-I11-I)
et al., 2005). that accompanies essentially all major SEP events. It proves
The use of sigmoids has also been suggested for CME prethe existence of open field lines along which flare electrons
dictions. Sigmoids are S- or reverse S-shaped regions (therend possibly ions escape to the interplanetary medium. Flare
fore with highly non-potential magnetic configurations) ob- particles can hence contribute to major SEP events.
served by soft X-ray telescopes. It has been suggested (Can-
field et al., 1999) that sigmoidal active regions are more3.2 Predicting flares
likely to erupt, provided that the S-shape is not a mere pro-

jection effect (Glover et al., 2000). Some doubts have ap_The incentive to predict flares is high due to the immediacy

peared about this proposal (Zhukov, 2005). Another track fOrand the threa’F of the potential effects of flares on spacecraft_s,
CME predictions uses the magnetic helicity of coronal struc-astronauts, alrcraft Passengers, etc. (Feynman and Gabriel,
tures estimated from photospheric magnetograms. Whe 000)'_ qure warning servicesurrently use sun;pot group
the helicity exceeds a certain threshold, the kink instabilityCI"“SS'f'C"’mO.ns such as Mcintosh's or Mount W'|Ison's (Hale
makes the whole structure erupt (Rust, 2002). Other ap—et "?“" 1919; Mgl_ntosh, 1999) or use recent flaring history to
proaches have been based upon vector magnetograms (F eliver an empirical global risk index (Whez_itlar_1d, 2004;_Gal-
coner, 2001). Numerical methods incorporating the photo-"’}gherbet al"dzpoz)' Enhancled rgass mc;t'?n mf?n acpve re-
sphericvectormagnetic field offer high prospects of success gion observed in e.g. &ican also be a useful pre-flare signa-

(Abbett et al., 2004). In addition, several more unusual possi—_ture (Gaizauskas, 1989). Several different types of data, typ-

ble precursors have been noted, for example Kaufmann et a|9ally from seismology (Haber et al., 2003), magnetographs

(2003) suggest that rapid solar spikes at submillimeter Wave&Sa_mmis etal., 2000) and c_oronal imager_s_would have to be
would offer an early signature of CMEs. assimilated by models to bring about significant progress on

flaring prediction. Complementary promising tracks include
data mining techniques (iiez et al., 2005). Long-term pre-
diction of the spectral irradiance is outside the scope of this
paper.

It is also difficult to predict SEP spectra and fluxes. The
charged particles propagate along the interplanetary mag-

In the present paper, flares are conceived as purely radiativBetic field lines, which have the average form of an Archi-
events and they are thus associated to irradiance variation§1€dian (Parker) spiral. Flares situated between the central
They are defined by “large” and “sudden” increases of themeridian and the western limb a_re_therefo_re more likely to
photon flux. These bursts are best observed in X-ray andnave a prompt impact on the rgdlatlon environment near the
ultraviolet, but also in i or even exceptionally in white- Earth (Cane et al., 1988; Ippolito et al., 2005). The penetra-
light, by radiometers or imaging telescopes. However, attion of energetic partlcles.mto the Earth’s magnetosphere is
some level, it is arbitrary to discriminate a small flare against® Separate problem, not discussed here.
the background baseline (Veronig et al., 2004). Just as with
CMEs, it becomes necessary to assemble various observg o onal holes (CHs) and co-rotating interaction
tions to decide upon the physical nature of the irradiance
variation. Big flares are so obvious that their definition is not
anissue. However, the detection of smalll flares has deep fury 1 CH and CIR definition and nowcasting
damental implications (Buchlin et al., 2005) and could con-
tribute to CME and larger flare forecasting (Hochedez et al.,A coronal hole continuously emits fast solar wind, which in-
2002). Regarding the in-situ counterparts of flares, there argeracts with the slow wind forming a Co-rotating Interaction
none if we stick to the radiative definition. It is nevertheless Region (CIR) at the stream leading edge. CIRs typically
customary to mention the flare-produced impulsive SEPs arenly fully develop beyond Earth’s orbit. The signatures of
riving with a typical delay of minutes to few hours after the the evolving CIRs and flows from coronal holes were de-
flare (Krucker and Lin, 2000). scribed in the 1970s when the Pioneer 10/11 and Voyager
Type lll radio bursts are associated with the impulsive andspacecrafts explored the heliosphere (Belcher et al., 1969;
early phase of flares. They start at a few 100 MHz and thenTsurutani et al., 1995). First, the region of enhanced density

3 Flares and spectral irradiance variability

3.1 Flare definition and nowcasting

regions (CIRS)
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and magnetic field arrives while the solar wind velocity re-
mains rather low. These enhancements are formed because
of compression of the slow wind plasma and magnetic field
by the upcoming fast flow. The sign of the IMF, Bompo-

nent can change around this time (sector boundary). Then,
the velocity rises as the flow from the coronal hole arrives.
In addition to increased dynamic pressure, this carries strong
Alfv én waves with oscillatings,. Although the periods of
sufficiently strong southward IMF are very shorti(h), the
multiple oscillations together may result in appreciable and
long-lasting geomagnetic disturbances, including high values
of the auroral electrojetA E) index.

Coronal holes are seen in solar X-ray or EUV images as
extended darker volumes because they contain cooler, less
dense plasma. But these observations do not prove directly
that they are the only regions of open field lines. Narrow
coronal holes can be reliably discriminated from filaments
(which are also dark in EUV) using observations ia,HHe |
(1083 nm) and in photospheric magnetograms.

4.2 Predicting the geoeffectiveness of coronal holes (CH)

Predicting intervals of geoeffectiveness for CHs might be ex-
pected to be relatively easy because of their slow evolution,
dominated by the global solar rotation. The 27-day recur-
rence helps in predicting CH effects. Furthermore, CHs can
be monitored for several days before they become most geo-
effective after crossing the central meridian. The Sun-Earth
magnetic connectivity is unfortunately not straightforward
(e.g. Schwadron and McComas, 2004). Forecasters have
to assume that magnetic fields and flows follow an average
Parker spiral, while this is only an approximation. Progress
is currently needed on three issues. These are the mecha-
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1. A key feature ofmonitoring is the continuity of ob-

servations. Ground observatories have therefore to
form international networks delivering homogeneous
records in order to cope with the day-night cycle and
adverse weather conditions at individual observatories
(e.g. Steinegger et al., 2001). As far as space missions
are concerned, the continuity requirement translates into
more costly orbits (cf. http://sdo.gsfc.nasa.govisdo
missionspecs.htm #ORBIT or Domingo et al. (1995))
and using instruments of similar heritage. Though
spacecraft payloads do vary, we anticipate that stan-
dards will emerge that will provide consistency in now-
casting and forecasting performance and objectives (e.g.
Lemen et al. (2004) or Defise et al. (2004)). Research-
oriented Space Weather experiments will naturally de-
part from such standards.

2. Regardinglata availability, we distinguish between the

needs for operative monitoring and for post-event anal-
ysis. For the former, the observations must be acces-
sible to users in near real-time (Kunches, 2002), even
from a deep space probe such as STEREO (Biesecker
and Webb, 2004). Consistent standards must be applied
when reformatting the raw data into exploitable higher
level products using physical units.

3. Finally, the spatial and temponasolutionof the obser-

vations must become progressively finer as the objective
goes from nowcasting, to forecasting and then research.
Solar Weather is mostly about dynamical disturbances
and hence about temporal evolution. The observational
cadence has to be higher for research and forecasting
than for nowcasting.

nisms driving the evolution of coronal hole 3-D geometry |, the rest of this section, we discuss the main instru-
(including the possible vicinity of ARs), the knowledge of ental techniques employed in monitoring solar and inter-
the instantaneous Parker spiral geometry and the real'timBIanetary conditions. The review will highlight the pri-
measurement of the fast wind speed before it is sensed Ne@kary role of each type of data and some available instru-
the Earth. ments. Complementary information is linked through http:
/Isidc.be/, “Related links”, or http://solar.physics.montana.
edu/maxmillennium/obs/.
5 Monitoring capabilities
5.2 Helioseismology
5.1 Observational features needed for solar monitoring
Dopplergrams capable of monitoring helioseismology have
Recapitulating the previous three sections, the observationseen available since January 1996 from the Michelson
that are both practicable and necessary for Solar Weathdboppler Imager (MDI) (Scherrer et al., 1995) and since
nowcasting and forecasting are photospheric dopplergram®ctober 2001 from the GONG+ network (GONG+ Team
for helioseismology, photospheric magnetograms, photo{1999); Hill et al. (2003) and http://gong.nso.edu/). In the
spheric White Light images, chromospheric images, coolfuture, the HMI (Scherrer and SDO/HMI Team (2002);
Corona images, hot Corona images, disc integrated irrahttp://hmi.stanford.edu/) on board SDO (the Solar and Dy-
diance, spectrally resolved or not, upper Corona “corona-hamics Observatory, to be launched in April 2008) will bring
graphic” images, radio measurements and in-situ measurghe prospect of far surface imaging and Solar Subsurface
ments. Before visiting every type of data in terms of its pri- Weather (Toomre, 2003).
mary role, present and future availability, we first detail the Following Braun and Lindsey (2001) and references
generic features that are specially required by Solar Weathetherein, helioseismic holography has developed as a general
monitoring. This builds upon a table by Daly (2002), but is diagnostic tool for local helioseismology, with the purpose
further specified here. of imaging acoustic sources in the solar interior and on the
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far surface of the Sun. Holographic procedures may be emmagnetograms and in the accuracy of their transverse field

ployed to produce diffraction-limited images of teetirefar measurements.

surface (and poles) of the Sun. To facilitate Space Weather

forecasting, seismic images of the central portion of the so- . L

lar far side have been produced nearly continuously since-? Photospheric white-light images

late 2000 by a synoptic program that applies phase sensi-

tive holography to “quicklook” medium-resolution data from MDI also currently provides continuous white-light images

MDI (http://soi.stanford.edu/data/farside/). from space and HMI will take over this role when SDO
According to Braun and Lindsey (2000), Haber et al. is launched. However, many ground telescopes around the

(2003) and Dzifakowa et al. (2003), local Helioseismology world observe the Sun, such as the ones operated by the

has the potential to provide flow and sound-speed maps of thg§IDC (Berghmans et al., 2005a, and http://sidc.oma.be).

upper convection zone in near-real time for Space Weatheyhite light solar disc monitoring is useful for nowcasting

applications. It is believed that subphotospheric shearinghe infrequent white light flares (WLF) and for classifying

flows play an important role in creating unstable magneticactive regions. Large sunspots have been recognized to flare

topology that leads to the initiation of flares and CMEs. more (Canfield et al., 1999) offering a cheap and dependable

However, the relationship between the flows and flaring ac-method of forecasting. Nevertheless, cadences higher than

tivity is not yet well understood. those achieved routinely might give further insight into e.g.
_ the evolution of delta spots, peculiar photospheric velocity
5.3 Photospheric magnetograms fields (Zuccarello, 1992) and subsequent activity.

As they are key to inferring foot-point motions, evaluating o
active region complexity, permitting MHD extrapolations, 5-5 Chromospheric images
assessing helicity and so on, line-of-sight magnetograms are

vital for Solar Weqther. The related Iitera}ture is very ab””'Chromospheric image sequences are especially effective for
dant, examples being Feynman and Martin (1995) and Wangyqnitoring filaments by detecting their presence, their sud-
etal. (1996). den disappearance and estimating their chirality (Pevtsov

Regular observations of high-resolution full-disk magne- et 51, 2003) througlifa observations. Other transients can
tograms are extremely valuable. Thanks to the SOHO orbifye ghserved, such as Moreton waves.

around the L1 Lagrange point, quasi-uninterrupted full-Sun ) ) _
magnetograms come from MDI (Scherrer et al., 1995) with 1 he global high-resolution & (656.3 nm) network (http:

a 4’ resolution and a 1 min cadence. Nevertheless, ground/WWw.bbso.njit.edu/Research/Halpha/and Steinegger etal.,
based magnetographs are used too. The Kitt Peak Vacuur%om)) uuhzgs faC|.I|t|es_ at the Big Bear Solar Observa-
Tower (KPVT) of the National Solar Observatory (NSO) tory (BBSO) in California, the Kanzetihe Solar Observa-

has provided magnetograms since 1974. The quality imlory (KSO) in Austria, the Catania Astrophysical Observa-

proved when the Spectromagnetograph (SPM) became opef0"Y (CAO) in Italy, the Meudon Observatory in France, the
Huairou Solar Observing Station (HSOS) and the Yunnan

ative (Jones et al., 1992) producing a 2.28solution image : _ X
Astronomical Observatory (YNAO) in China. These obser-

every 40 min. The GONG+ network (Big Bear, Cerro Tololo,

and Learmonth) provides one magnetogram every mmuté/atories have around 300 sunny days a year, good seeing con-

continuously with a spatial resolution of the order 6fsince ~ ditions, adequate observing staffs and well established H
October 2001. GONG+ and SPM observations have beeﬁelescope systems. Each of the three stations hag arlk

5 ; ; .
shown to agree, but they underestimate fluxes by 20-409K CCD detector to monitor the Sun with a spatial resolu-
as compared to MDI (Thornton and Jones, 2002). Mag-t'on of 2arcs. Observations of 1 min cadence are obtained at

netograms at lower resolution are regularly recorded at théaach station. Higher cadences can be triggered by automated

Wilcox Solar Observatory and at the Mount Wilson Observa-f”ament eruption detection. In summer, each station can ob-

tory. ISOON (http:/Aww.nso.edu/nsosplisoon/description. S€TV€ 12h on clear days and there should ideally be no gap
html) is a semi-autonomous, remotely-controlled patrol Setbetween observations at adjacent stations. In winter, when

of telescopes, currently limited to a single site, the National€ach station is expected to operate 8 h, the BBSO/YNAO gap
Solar Observatory at Sacramento Peak. ISOON acquire? about 1.6h and the BBSO/KSO gap about 0.7 h. B_ased
solar images in the & line (once per minute), in contin- on weather recor<_js at the three stat|or_1$, tr_le duty cycle is ap-
uum (once every ten minutes), and in line-of-sight magneticProXimately 70% in summer and 60% in winter.

fields. Additional images or alternate observing sequences Ly« imaging would also be an interesting diagnostics tool,
are programmable options. The ground-based SOLIS facilitybut it necessitates a space telescope. Other wavelengths, such
(http://solis.nso.edu/) produces highly valuable data, includ-as Ca Il K at e.g. BBSO, or He | (1083 nm) at e.qg. Kitt Peak
ing vector magnetograms. The future HMI on SDO will also can be of interest for monitoring the chromosphere. He |
be a vector magnetograph. Its instrumental features can bis particularly useful to distinguish between filaments and
found at: http://hmi.stanford.edu/. HMI will help to reduce coronal holes or filament channels, which all appear dark in
the current limitations in the routine availability of vector coronal EUV images.
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5.6 Cool Coronaimages are taken by SXI at a 1-min cadence with a 5iensified
CCD. The X-ray telescope (XRT) of Solar-B (to be launched
The strong need for imaging the cool Corona has been stateith late 2006) will provide full disk, soft x-ray images with
in previous sections of this paper. Given that the wavelengthtwice the spatial resolution of the Yohkoh SXT and enhanced
range is in the extreme ultraviolet, this type of observationsensitivity to wavelengths above 4 nm. Although not a So-
has to be made from space. Today, the EIT (Delaboudinierdar Weather dedicated mission, the Rhessi team updates a
et al., 1995) onboard SOHO provides synoptic Fopdages list of flare events: http://hesperia.gsfc.nasa.gov/hessidata/
every 6 h in three coronal passbands corresponding to tenmdbase/ and http://hesBare list.txt.
peratures ranging from 1 to 2 MK and in the He ll-dominated
channel, which corresponds to the lower Transition Region5.8 Disc integrated irradiance time-series
regime. In addition, a “CME watch” mode runs continuously,
offering a cadence better than 20 min in Fe XII at 19.5 nm, Irradiance measurements are of interest in two areas of Space
one of the 3 coronal channels. The resulting monitoring dataVeather. In the short term, they allow the detection of flares
play a crucial role in solar nowcasting and forecasting. Dur-that are large enough to disturb the full-disc integrated signal,
ing the intervals (the “keyholes”) when the SOHO mission which is more easily achieved towards shorter wavelengths
cannot downlink observations, the SIDC (Clette et al., 2002;(cf. the GOES flare classification). In the long term, they
Berghmans et al., 2005a) makes use of SPIRIT-CORONAS Form a vital input to aeronomy models.
movies (Zhitnik et al., 2002) thanks to a special agreement The energy of solar radiation reaching the Earth is in most
with the Russian Pl institute. parts of its spectral range absorbed and deposited in vari-
There is currently no other full Sun EUV imager, and we ous layers of the terrestrial atmosphere. Radiation including
need to rely on EIT and SPIRIT until EUVI of SECCHI- the vacuum UV is of special interest for Space Weather and
STEREO, SWAP aboard the ESA PROBA 2 and AIA-SDO is highly variable. Therefore, various space-based missions
enter operations. EUVI, the Extreme Ultraviolet Imager monitor the spectral irradiance (See Hochedez et al., 2005,
(Wuelser et al., 2004), is part of the SECCHI suite of the for a summary). Most missions cover a limited optimised
NASA STEREO mission. Identical telescopes on the twospectral range, with the recent TIMED-SEE mission closing
STEREO spacecraft will study the solar Corona in three di-a gap in the mostly unmonitored EUV spectral range (Woods
mensions, and specifically focus on the initiation of CMEs. et al., 2005; Judge et al., 2001). It should be noted that a
The EUVI 2048 detectors have a field-of-view out to 1.7 high-cadence, high-spectral resolution irradiance monitoring
solar radii, and observe in four spectral channels that spais a challenging task.
the 0.1 to 20 MK temperature range. In addition to its view Workarounds against such gaps consist of using as prox-
from two vantage points, the EUVI will provide a substan- ies, measurements of other spectral features correlated to UV
tial improvement in image resolution and image cadenceor X-ray radiation. These include solar 10.7 cm radio flux
over SOHO-EIT. In 2007, SWAP (Berghmans et al., 2005b) (F10.7), He 1083 equivalent width and the Mg Il core-to-
will bring advances thanks to its 1 min cadence, autonomousving ratio (See Floyd et al., 2005). Solar irradiance mod-
CME-tracking ability and concomitancy with EUVI. Its pass- els are built using these proxies (see e.g. the Solar2000
band is centred on 17.5 nm. SWAP will demonstrate the Somodel, Tobiska, 2004). Another model employs empiri-
lar Weather potential of a micro-mission owing to its orig- cal differential emission measures to induce line intensities
inal optical design, CMOS-APS detectors and onboard im-of unobserved UV and X-ray lines (the NRLEUV model,
age processing capabilities. The impressive AlA (http://aia.Warren et al., 2001). Different solar irradiance models un-
Imsal.com/) will snapshot the solar atmosphere with extremefortunately differ extensively (up to 40%) in their predicted
spatial (4K) and temporal (10 s) resolutions. It will also sam- intensities (Lean et al., 2003) for two major reasons. First,
ple 8 temperature ranges for log T in the interval (3.7—7.2).the data on which these models are based suffer from cal-
When it operates, AIA will become central in research asibration problems. Second, no single mission or ensemble

well as solar weather applications. of missions has ever measured the entire spectral range long
enough to provide a consistent monitoring of the solar irra-
5.7 Hot Coronaimages diance over a time scale corresponding to a solar cycle. In

order to tackle the first problem, Proba2-LYRA (Hochedez
Hot coronal movies provide an exclusive view on coronal et al., 2005) and Picard-PREMOS (http://www.pmodwrc.ch/
holes, sigmoids, cusps, flares, post-eruptive arcades, etgpmod.php?topic=pragpacepremos), for instance, employ a
The Soft X-ray Telescope (SXT) on board Yohkoh (Tsunetaredundancy strategy to continuously calibrate the detectors
et al., 1991), and today the SXI series (Lemen et al., 2004and to monitor their degradation with time.
Nitta et al., 2004) on the GOES 12, N and O are moni-
toring the multi-million degree Corona. The Yohkoh satel- 5.9 Upper Corona (coronagraphic) images
lite completed its mission on 14 December 2001. SXT ob-
served the dynamic solar Corona nearly continuously forCoronal mass ejections are routinely observed by the
more than 10 years, leading to many important discover{ ASCO C2 and C3 coronagraphs onboard SOHO (Brueck-
ies. Since September 2001, soft X-ray images of the Sumer et al., 1995). The observation of halo CMEs by LASCO,
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and their classification with the help of EIT as either Earth- As an example of the application of using interplanetary
directed or backside has been a great breakthrough in thscintillation (IPS), the Low Frequency array (LOFAR) will
forecasting of geomagnetic storms. The LASCO coron-be a next generation digital aperture synthesis radio telescope
agraphs are currently our only means to probe the solacovering the frequency range from 10 to 240 MHz. The in-
Corona within~2—-30R,. strument is currently in its design phase. Oberoi and Kasper
In February 2006, the two STEREO spacecraft will be (2004) highlight the solar, heliospheric and Space Weather
launched with a SECCHI suite on each (Howard et al., 2000) applications where LOFAR can provide useful information
including a set of 2 overlapping coronagraphs and 2 helio-inaccessible by any other means. The techniques of interest
spheric imagers (HIs) such that the whole path from the Surinclude tracking coronal mass ejections out to large distances
to the Earth will be covered. The Hls are the first instrumentsusing IPS methods, tomographic reconstruction of the solar
of their kind and offer an interesting perspective for ICME wind in the inner heliosphere using IPS and direct imaging
forecast since they could provide additional constraints to nu-of the radio emission from CMEs.
merical codes that currently run only with coronal boundary
conditions. The two STEREO spacecraft will lead ahead andb.11  In-situ measurements
trail behind the Earth with a mutual separation angle that in-
creases by 45per year. This implies however that, while In-situ monitoring of the solar wind plasma and interplan-
STEREO is a most exciting scientific mission, it will remain etary magnetic field parameters is very important as it cur-
difficult to use it as an operative monitoring mission since rently provides the input for quantitative models of the so-
the perspective changes from day to day and the mission duar wind interaction with the Earth’s magnetosphere. These
ration is inherently limited. models may include the prediction of geomagnetic indices
Eyles et al. (2003) describe a white light instrument (See e.g. Temerin and Li, 2002). The main source of in-
(SMEI) specifically designed to detect and forecast the ar-situ data is currently the Advanced Composition Explorer
rival of CMEs and other heliospheric structures moving to- (ACE) spacecraft (Stone et al., 1998, http://www.sec.noaa.
wards the Earth. SMEI was launched in January 2003 intogov/ace/). Since early 1998, the ACE instruments (MAG,
a Sun-synchronous polar orbit. The instrument scans mosBWEPAM, EPAM, SIS, SWICS, SWIMS, ULEIS, etc.) have
of the sky every 102-min orbit. Full sky images are avail- delivered continuous measurements of solar wind and ener-
able at this cadence since March 2003: http://smei.nso.edugetic particle parameters. Being positioned at an orbit around
This type of measurement requires a careful design and imk1, its real-time data give us about 1h warning of solar
plementation, but it delivers unique coronagraphic observawind structures approaching the Earth. Besides identifying

tions, not widely used in real time though. those features that drive geomagnetic storms, this set of in-
struments provides the data for quantitative models. SOHO
5.10 Radio measurements also possesses an in-situ payload package with CELIAS,

COSTEP and ERNE. The CELIAS solar wind plasma exper-

Easily accessible from the ground, the metric radio domainiment (Judge et al., 2001) has the advantage that it is more
of the electromagnetic spectrum is monitored by numerougesilient than ACE-SWEPAM to SEP events. Occasionally,
observatories for signatures of shock waves and fast movingit times of high SEP intensities, which are also often crit-
electrons. Such observatories comprise facilities like the UScal times for Space Weather forecasting, ACE solar wind
Air Force Radio Solar Telescope Network, Potsdam, Culgo-plasma data are not routinely available, while CELIAS con-
ora, Learmonth, and many others. However, to monitor detinues to function well. WIND and GEOTAIL also measure
cametric to kilometric radio bursts, one must rely on spaceinterplanetary plasma and magnetic fields but in-situ mon-
missions such as WAVES on Wind (Bougeret et al., 1995). itoring is not available when inside or close to the magne-

In contrast to coronagraphic observations, radio observatosphere. From December 2001 to April 2004, GENESIS
tions of CMEs (Gopalswamy and Kundu, 1992) enable the(http://www.genesismission.org/) provided very good data
early detection of CMEs, only when they appeardiskand near L1 before it was returned to Earth. Thus, although ACE
are directed towards the earth. A study of radio on-diskis now in good working condition, it is unique and no re-
CMEs has recently been presented by Ramesh et al. (2003placement is currently foreseen.
Coronal Holes (Moran et al., 2001) are apparent on radio
images as radiation enhancements. Radio imaging facilitie$.12 Miscellaneous
used for monitoring include NoRH (the Nobeyama Radio-
heliograph, Nakajima et al., 1995) and the Siberian SolarA few instruments do not easily fit the main categories dis-
Radio Telescope (Grechnev et al., 2003). The next big strideussed above. First we mention the SWAN instrument on
in radio interferometry may be FASR (the Frequency Agile SOHO. Qémerais and Bertaux (2002) present a method to
Solar Radiotelescope, http://www.ovsa.njit.edu/fastr/). forecast solar indices on time scales of half a solar rota-

As to the 10.7 cm flux measurements, they were made nedion. Their method uses the kyinterplanetary glow data
Ottawa, Canada from 1947 to 1990. Since 1990 they are cambtained by SOHO-SWAN. Active regions are brighter than
ried out at Penticton, Canada (http://www.drao-ofr.hia-iha.the Quiet Sun in L. Resonance scattering creates an ex-
nrc-cnrc.gc.ca/icarus/www/stlome.shtml). cess of illumination related to active regions. They derive
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a far-side to near-side flux ratio used to predict the evolu-Concerning space instruments, a series of moderate missions
tion of solar indices such as the solaya irradiance, the is perhaps the winning concept. These considerations could
10.7 cm radio flux or the Mg Il solar indices. This technique be useful when ESA or the European Union define their pos-
is used to improve the quality of Space Weather forecassible contributions to international Space Weather facilities.
(http://sohowww.nascom.nasa.gov/data/summary/swan/).

Ground-based observations of cosmic rays by neutron opcknowledgementsrunding of J. F. Hochedez, A. Zhukov, E. Rob-
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instrument like MUSTANG (the Muon Spaceweather Tele- hereby appreciatively ackn_owledged. This work takes place in the
scope for Anisotropies at Greifswald) will bring. It measures frame of the Cost 724 action. The authors thank the anonymous
the anisotropy of galactic cosmic rays that are caused b)yeferees for their numerous comments and suggestions for improve-

. . . . . ment.
CMEs and can provide |_nformat|on about t_helr position gnd Topical Editor R. J. Forsyth thanks J. M. Kunches and
geometry. It will hence give advanced warnings of the arrival G.Ri . . . )
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of plasma clouds at the Earth (See also Leerungnavarat et all.,
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