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Abstract. The solar XUV-EUV flux is the main energy servational data. Before we detail the impact of the solar
source in the terrestrial diurnal thermosphere: it producesrradiance on geospace, it is important to specify what we
ionization, dissociation, excitation and heating. Accuratemean by Extreme UltraViolet (EUV) and Soft X-ray (XUV).
knowledge of this flux is of prime importance for space Different acronyms are used in the literature for describing
weather. We first list the space weather applications thatlectromagnetic radiations. A physicist and a physician may
require nowcasting and forecasting of the solar XUV-EUV well speak of the same radiation without understanding each
flux. We then review present models and discuss how theyther; this is why recent studies have been carried out with
account for the variability of the solar spectrum. We showthe aim of standardizing the denominations (it is of course
why the measurement of the full spectrum is difficult, and totally out of the question to normalize the solar flux itself).
why it is illusory to retrieve it from its atmospheric effects. An ISO norm has recently been proposed and is now offi-
We then address the problem of determining a set of obsereially listed as Final Draft International Standartbbiska
vations that are adapted for space weather purposes, in trend Nusinoy 200§. The denominations for the different
frame of ionospheric studies. Finally, we review the existing parts of the spectrum are tabulated in TableThe wave-
and future space experiments that are devoted to the observiengths we shall focus on range from 0.1 nm to 10 nm (XUV)
tion of the solar XUV-EUV spectrum. and from 10 nm to 121 nm (EUV). We will also briefly con-

Keywords. lonosphere (Modeling and forecasting; Solar igjlerSt:ri UV range, including the strong Lymarfine at

radiation and cosmic ray effects) — Solar physics, astro-
physics,and astronomy (Ultraviolet emissions) Our rationale is the impact of these wavelengths on the up-
per atmosphere. The solar irradiance in the XUV-EUV range
is mostly absorbed by molecular oxygen, atomic oxygen, and
molecular nitrogen. The main processes at work are ionisa-
tion, excitation, and dissociation. Photoionisation is mostly
efficient above 150 km, and filters the light down to about

. . . . . 80km. The main species involved are,N, and O. Be-
The solar irradiance in the uItraongt\range is one of the keytween 70 and 280 nm, molecular photodissociation becomes
parameters for space weatheathuillere et al. 2009 and ;. imnortant or predominant process; it filters the light down
yet very few continuous and spectrally resolved MEASUre4s o\ altitudes, typically 20 km. Note that the near ultravio-

ments exist. The irradiance must be measured from space b'i’ét (300 to 400 nm) is mostly absorbed by the dissociation of

present detectors suffer from degradation, which prohibitsozone whose efficiency peaks around 40 km, i.e. far below

long-term measurements. Several types of models have beqﬂe altitudes of concern in this review paper
developed with the aim of bridging the resulting lack of ob- '

1 Importance of the XUV-EUV solar flux for space
weather applications

The physics of absorption processes in the upper atmo-
Correspondence tal. Lilensten sphere was first described hapman(1931ab, 1953.
(jean.lilensten@obs.ujf-grenoble.fr) Most recent studies still rely on his early work. A full
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270 J. Lilensten et al.: Solar spectral variability

Table 1. Irradiance ranges with corresponding energies and temperatures in the case of thermodynamic equilibrium. Note that the irradiances
are defined by their wavelength and not by their energy range.

(M Range adopted by the World Health Organisation and the International Commission on lllumination.

(@ Definition adopted in the aeronomy community. Other communities may consider 10 nm instead of 30 nm, and 100 nm instead of 120 nm.
See also the ISO norm project Bgbiska and Nusino{2006.

Domain Subdomain  Acronym  Wavelength range Energy Temperature
A [nm] he fev) [MK]
Ultraviolet uv 100-400 3.1-12.4 0.072-0.29
Ultraviolet AD UVA 315-400 3.1-3.9 0.072-0.090
Ultraviolet BD UVB 280-315 3.9-4.4 0.090-0.10
Ultraviolet c® uvc 100-280 4.4-12.4 0.10-0.29
Ultraviolet Near NUV 300-400 3.1-4.1 0.072-0.096
Ultraviolet Middle MUV 200-300 4.1-6.2 0.096-0.14
Ultraviolet Faf? FUV 122-200 6.2-10.16 0.14-0.24
Ultraviolet  Lymana 121-122 10.16-10.25 0.236-0.238
Ultraviolet Vacuum VUV 10-200 6.2-124 0.14-2.9
Ultraviolet Extreme EUV 10-121 10.25-124 0.24-2.9
X-ray 0.005-30 41.3-2510° 0.96-5.7
X-ray Soft X-rays XUV 0.1-10 124-1.240% 2.9-290
X-ray Hard X-rays 0.001-0.1 1.2410*-1.24<10°5  280-28000
y rays <0.001 >1.24x10° >28000

description of the physics may be foundLlitensten(1999 models. Several methods are currently used: the proxy ap-
and in Schunk and Nagy2004. The impact of the XUV-  proach, which relies on indices, today still remains important
EUV fluxes on space weather through the atmospheric sysand is difficult to bypass for long-term studies. A technolog-
tem are important. Let us mention the three principal ones. ical approach consists of estimating the thermospheric drag
using a reference object, such as a spacecraft with a well-

1.1 Satellite drag: a thermospheric process determined cross section (Marcos et al., reportddiamolas

. o ) etal, 2000. Physical approaches consist in feeding the mod-
One of the prime motivations for nowcasting and forecast-g|s with observations. These observations can, for example,
ing the solar XUV-EUV flux is the specification of atmo- pe the v airglow Nicholas et al.2000), the thermospheric
spheric densities for spacecraft orbit determination, att'wdecemperaturel(athuillére et al.2002, or ionospheric param-

control, and also for debris mitigation. When an object eters, such as the Total Electron Content (TEG)esten
(spacecraft, or debris) travels through an atmosphere, it ex;,q Blelly, 2002).

periences a drag force opposite to the direction of its motion.
As a first approximation, this drag force depends on the ther- o o ] ]
mospheric density, the satellite velocity, the satellite cross-1-2 T€lecommunication and positioning: ionospheric pro-
sectional area and a drag coefficient. The evaluation of the =~ C€SS€S
drag force is conditioned by the knowledge of the thermo-
spheric density, which usually comes out of a model. TheThe ionosphere influences electromagnetic wave propaga-
sources of density variations in the thermosphere are primartion mainly through scattering, absorption and Faraday ro-
ily the XUV and EUV fluxes, particle precipitation and elec- tation (Leroy, 2000. The optical index depends strongly on
tric fields. The physical processes involve photo-absorptionthe electron density and on the thermospheric composition
particle collisions, Joule heating and frictional heating. Forwhich, like in the thermosphere, depend on the XUV and
space weather, the main consequence (amongst other phEUV fluxes, on particle precipitation, and on electric fields.
nomena) is a dilatation of the thermosphere. During periodsAn additional source is the physical link with the exosphere,
of strong solar activity, the density may increase by a fac-in particular with the protonosphere. The underlying phys-
tor of 10 at the altitude of the International Space Stationical processes differ slightly from those encountered in the
(400 km). thermosphere, as they involve photo-ionisation, particle col-
The prime goal of satellite operators is to predict the posi-lision ionisation, currents and frictional heating. These pro-
tion of a space object with a accuracy of at least 20 km aftercesses produce (amongst other effects) rapid variations and
24 h. This prediction requires a permanent monitoring andgenerate small-scale disturbances, such as blobs, patches,
adjustment of the drag equation through neutral atmospherand scintillations.

Ann. Geophys., 26, 26279, 2008 www.ann-geophys.net/26/269/2008/
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All existing models (physical, profilers, TEC derived from At least the two last ones may be directly related to the ther-
GPS, ...) fail in reproducing the real-time ionosphere, espeimospheric and ionospheric processes.

cially at high latitude and during solar evendakowski et al. Let us finally mention the importance of XUV-EUV irradi-
1999 Lunt et al, 1999 Lilensten et al.2009. As for the  ance measurements for modelling radiative transfers in plan-
thermosphere, there is a strong need for a permanent mongtary atmospheres, for simulating solar cell power and ma-
toring and adjustment of the equations and the strategy conterial degradation. Scientific applications of ultraviolet mea-

sists of using proxies or physical approaches (for examplesurements to bodies other than the Sun have recently been
with topside sounders). The ionosphere, however, is somereviewed byBrosch et al(2005.

what more easily accessible from the ground than from the
thermosphere, thereby offering additional opportunities for

calibrating models. - -
2 Origin and variations of the XUV-EUV fluxes

1.3 Space weather versus classical weather
The Sun varies on all scales and the variability is strongly de-
Classical weather is somehow out of the scope of this rependent on the wavelength. For some reviews, see the works
view, and yet we mention it here since the different layersby Lean (1987 1991), Tobiska(1993, Pap et al(1994 and
of the terrestrial atmosphere are intimately coupled. SeveralWoods et al(2005. Let us briefly examine the various solar
phenomena contribute to these changes; see, for example, tloeigins of this XUV-EUV flux. The UV emission is gener-
reviews byHaigh (2005, Bard and Frank2006, andCalis- ated at relatively low temperatures, i.e. in the chromosphere
esi et al.(2009. Some of these processes may be related taand in the transition region. At the lowest considered temper-
space weather. The principal ones are: atures, there is no local thermodynamic equilibrium in the so-
i i lar atmosphere. The source function can no longer be consid-
— Influence of the total solar irradiance. Records showgreq tg be a Plank function, and must be evaluated instead by
such an influence over different time scaleiigh and  qnsjdering each individual atomic process that is involved
Blackburn 2006. The influence of the total solar irra- i, the generation of the spectrum. In other words, Tdble

diance on time scales of decades or less is not as clear a$,nnot be used to infer the temperature of the formation of a
for long-term effects. Typical estimates range from 6% |ine from its wavelength.

to 30%, with a likely value of about 12%A(ley et al,,
2007, which is below the value published 5 years ear-

. ) 2.1 Near UV emission processes: electronic transition
lier by the Intergovernmental Panel on Climate Change. P

— Influence of the cosmic rays on condensation nucleiAlthough the near UV has little impact on space weather
and thereby on cloud coverSyensmark and Friis- applications, some UV lines are used as proxies for assess-
Christensen 1997 Svensmark 2007. The micro- ing the variability of the long wavelength range of the EUV
physics is described iarrison and Carslay2003. spectrum. In the near UV range, one finds some distinct
The impact on climate remains controversial as subselines such as: H{ at 410.2nm, Ca (line H) at 396.8 nm,
quent studies have failed to confirm arelationshi, ~ Cat (line K) at 393.4nm, Fe (line M) at 373.5nm, Mg at
2003 Damon and Layt2004). 285.2nm, Mg (line h) at 280.2nm, and Mg (line k) at

279.5nm. All these lines have a chromospheric or photo-

— Indirect influence of the UV variability: above 30km, spheric origin. They are very sensitive to solar activity. All
the ozone response is well pronouncBdtanov eta).  of them are optically thick and the first phenomenon at work
2005 Calisesi and Matthe2006. This, in turn, in- s collisions. In the UV range, one finds the hydrogen Ly-
fluences the dynamic coupling between the stratospherenan series, which includes thed.yine at 121.5 nm, Ly at
and troposphereHaigh and Blackburr2006. 102.5nm, and Ly at 97.2nm. These lines are typical elec-

. . tronic lines, in which the electron goes from a ground state

— Influence of the solar wind: some mechanisms have(nzl) to higher states. ly corresponds to the=1 toward
beep suggested as (_aarly as 19%gley, 1994). . In the n=2 transition, Ly8 from n=1 to n=3, and Ly from
partlcular, Joule heatlr_1g !nduced t_)y the solar W'r.]d andn:l ton=4. The energy gained through collisions or photon
mterplanetary magnetic f|g|d may mflugnce the circula- absorption may exceed the ionization threshold. This is the
tion and ozone concentration in the middle atmospherecase in the chromosphere for Ca. However, at such tempera-
(Zubov et al, 2003. tures, calcium atoms are almost all in the singly ionized state

— Impact of greenhouse gases, with, for example theCall, with the single outer electronin a4 s orbit (H line). The

falling sky theory Roble and DickinsoyiL989. 4p orbit may eventually also be reached (K line). Call lines
are collisionally controlled. These lines are also very sen-

— Impact of upper lightning%entman et al.1995 with sitive to solar activity and are observable from the ground.
red sprites, blue jets, elves, etc. Daily observations are performed at several observatories, in

www.ann-geophys.net/26/269/2008/ Ann. Geophys., 26, 2692008
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particular at Meudon and at Big Bear observatdgh@@nnes- the ion in an excited state, from which a photon is emitted
son et al,1995. (XFMpH—s X FM=2 L 1+,
Two other Fraunhofer lines in the near UV are impor- Radiative recombination involves the transfer of a free

tant. Both are due to singly ionized magnesium, at wave-€lectron to a captured electron (free-bound process). In the
lengths of 280.2nm (Mg Il h line) and 279.5nm (Mg Il k free-free case (or “Bremsstrahlung”), an electron is acceler-
line). The electron transitions involved are similar to those ated or decelerated through the interaction with a Coulom-
for the Ca Il H and K lines, and they are also collisionally bian potential of an ion. These two last processes are re-
controlled. These lines are widely used today as a solar acsponsible for the continuum, in which all frequencies are ex-
tivity index (Heath and Schlesinget986. The core of the  Cited, creating a continuous baseline in the solar spectrum.
Mg Il line is imprinted by the variability of the UV as it orig-  The other origin of the continuum is the recombination of
inates in the upper chromosphere, as compared to the wing€lectrons with bare carbon and oxygen nuclei. The physics
which are generated in the photosphere and are therefore indvolved depends on many parameters, such as the relative
sensitive to solar UV variations. The Mgll index is calculated abundance of each element, the ionisation ratio, and excita-
by taking the ratio of the irradiance at the core of the Mg |1 tion ratio (Arnaud and Rothenflygl985 Arnaud and Ray-
absorption feature at 280 nm to the average irradiance in théond 1992.

wings of the Mg Il feature at approximately 276 and 283nm.  On top of the continuum, several lines are worth examin-
Because of that, the Mgll index is a dimensionless quantitying. In the X-ray range, two resonance lines in the Fe XIV
which is unaffected by most undesirable effects, such tempospectrum at 5.90 and 5.96 nm are emitted from the 3p ground
ral and spectral changes in the instrument respovieegck  State to the 4d state. Above active regions, the temperature
et al, 2007). This index is today derived from various in- Of the lower corona can increase to aboutl4® K. This re-
struments that differ in resolution, wavelength selection, andsults in the additional ionization of iron, especially Fe XV
derivation method and yet are in excellent agreen@ebgla  and Fe XVII, whose bright emissions motivated the choice
and Delang1998 de Toma et a).1997 White et al, 1998. of the 28.4nm band for one of the filters of EIT on board

Finally, the He Il line at 30.4 nm is currently observed by SOHO Pelaboudiniere et 311999.

the SEM (udge et a).1998 and EIT Delaboudiniere et al. In the XUV range, resonance lines of helium-like ions of
1995 instruments on board SOHO, albeit with a resolution light élements arise, such as carbon (C V) at 4.03 nm, oxygen

of a few nm. This spectral band is dominated by chromo-(O V1) at 2.16nm and neon (Ne IX) at 1.345nm. Similarly,

spheric emissions emitted around 50 000 K. All these quan_t_here are lines of h_ydrogen-like ions, equivalent to_the Lyman
tities are strongly correlated both with each other, and with!in€s of hydrogen itself at UV wavelengths: thed {nes of
other proxies for solar activity, such as thg4 decimetricin-  hydrogen-like carbon (C Vi) at 3.37 nm and oxygen (O VIil)
dex, thereby expressing the strong connections between diftt 1.90 nm. _ . o
ferent solar atmospheric layeiglgyd et al, 2005. In the EUV range, several intense lines are due to lithium-
like ions. Lithium has three electrons, with the outer in the
n=2 orbit. Excitation may take it from a 2-s sub-orbit to a
2p, and de-excitation back to 2 s results in two closely spaced
lines forming a doublet. The lithium-like carbon (C IV)
doublet at 155nm is emitted at transition region tempera-
UV and EUV emission processes do not involve neutraltyres. The lithium-like oxygen (O VI) doublet is at 103.2 nm
atoms or singly charged ions, but multiple charged ions.and 103.8nm, and originates in the coronal region. The
The collision with an electron generates additional ion-|ithium-like magnesium (Mg X) is at 61.0 nm and 62.5 nm,
izations if the energy of the incident electron exceeds aand the silicon (Si XIl) is at 49.9 nm and 52.1 nm. Fe&/kK
threshold (typically 12eV). We then have an ionization at 17.1 nm, which is also observed by EIT, is due to a 3p—3d
(XtMpe~—X+t™112e7), in which the ion is left in an  transition.

excited state, and goes to a state of lower energy by emit-

ting a photon. We can also have radiative recombination2.3 The XUV-EUV-UV spectral variability
(X+tM4e~—X+tM-1) with the emission of a photon. The

impact with an electron may also leave the ion in an ex-The variability of the solar irradiance over one solar cycle is
cited state such that it auto-ionizes after a short period ofvery small in the visible range (less than 0.1%), and slightly
time (Xt™—X*tM+1te"). This excitation can be an elec- larger in the infrared part (less than 1%). These numbers
tronic recombination (XM+e~—X+tM-1¥) where a free strongly increase shortward of 200 nm, where the variability
electron is captured by the atom. After auto-ionization, themay exceed 100%\Woods et al. 1998. The contribution

ion is mostly left in a ground state. Some of these processesf XUV-EUV to the total solar irradiance is very small, so
can also occur with proton collisions or with photoabsorp- that the variability of the latter remains comparable to that of
tion. These processes, however, have a minor influence. Fithe visible domainRap and Fshlich, 1999. Some typical
nally, charge transfer with the abundant hydrogen may leavevalues of the variability are listed in Tab® For a review on

2.2 UV to XUV emission processes: line emission, free-
free and free-bound processes

Ann. Geophys., 26, 26279, 2008 www.ann-geophys.net/26/269/2008/
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Table 2. Long-term variability (in %) of some spectral lines and EUV/UV indices. The values represent the amplitude of the 11-year cycle
normalised to the time average. The total solar irradiance is from SOHO/VIRGO, spectral lines are from TIMED/SEE, and the soft X-ray
measurements from GOES/SEM.

total solar Mgll CakK Lyv He ll Fe XV  softX-ray fo7
iradiance index index 121.5nm 304nm 284nm 0.1-0.8nm index
0.06 4 6 27 25 53 >200 77
the XUV-EUV variability, seelean (1987 and Woods and All these models are valuable tools for aeronomic stud-
Eparvier(2009. ies. None of them, however, can properly track solar activity.

The XUV-EUV variability has two components. The There are several reasons for this. The first one is the lack of
short-term and most variable component is associated witttlata as the observations span at best 2 solar cycles. Secondly,
sporadic explosive events, such as bright points, flares, anfecause the observations are discontinuous in time, not all
eruptions. The EUV flux is enhanced by these eruptivegeophysical conditions are properly covered. Third, due to
events because of the temperature increase and electron dgstorical reasons, the wavelength resolution is rather coarse,
celeration. Free-free processes are enhanced, and the emigith generally 39 bins. Finally, all these models rely on one
sion may increase by orders of magnitudi(lips, 1995, or a few indices that only partly describe the multiple facets
especially in the XUV rangeWoods et al.2005. The sec-  of solar activity. As shown byudok de Wit et al(2007),
ond and slow variability component evolves on times scalegione of the indices is representative of the variability of the
of days to years and depends on full disc activity. EUV spectrum at all wavelengths. Therefore, accurate fore-

casting cannot fully rely on any of these models, regardless
of their (numerous) qualities.

3 Are existing XUV-EUV models suitable for space The second category of models uses additional inputs to
weather? reach better accuracy. The Flare Irradiance Spectral Model
(FISM) is based on data from TIMED. FISM is an empir-
There are several categories of aeronomical models. Thécal model that estimates the solar irradiance from 0.1 to
first one consists of models that were first developed in thel90 nm with a 1-nm resolution, and with a time cadence of
eighties and that rely heavily on data from Atmospheric Ex-60s Chamberlin et a).200§. FISM can therefore model
plorer missionKinteregger et a]1973. Many models today both eruptive events (for which very few accurate measure-
still use the binning of the spectrum that was first proposedments exist) and long-term effects. Its inputs are traditional
by Torr and Torr(1979. The success of this approach has proxies (Mg Il, fio7, and Lyr) and the irradiance in several
to do with its simplicity and the existence of a set of ab- bands (0—4 nm, 30.5nm, 36.5nm) to model the daily com-
sorption cross sections for each wavelength bin. There ar@onent. FISM also makes use of soft X-ray measurements
two reference fluxes: one for active and one for quiet condi-from GOES (0.1-0.8 nm) to model flares. This model is the
tions. Other levels of activity are modelled by interpolating first one that can be used for near real-time space weather
the decimetric indexsf 7. In the mean time, the experimen- operations.
tal data used to determine the flux has gradually improved The third category involves a radically different approach
(Hintereggey1981 Hinteregger and Katsura98% Torrand  that has been investigated independently by two teams. In-
Torr, 1989. stead of relying on existing irradiance observations, the idea
Tobiska (19971 and Tobiska and Eparvief1998 devel- is to use Differential Emission Measure (DEM) distributions
oped a different model, called EUV, using a more extendedderived from spatially and spectrally resolved solar obser-
database. In comparison to the previous ones, this model resations, full-disk solar images, and a database of atomic
trieves the solar flux from the decimetric index and its aver-physics parameters, to calculate the solar EUV irradiance
age. The latest versions use new input parameters computdéretzschmar et al2006 Warren 2006. These efforts have
from a previous version of the cod&adbiska et al. 2000. resulted in the definition of a quiet Sun reference spectrum
EUVAC (Richards et aJ.1994) is based on a reference flux and solar minimum irradiance observatioNgafren et al.
that differs from the one used by Torr and Hinteregger, and1998 Kretzschmar et al.2004. NRLEUV?2 is the latest
relies on specific interpolation formula. EUVAC also adds model developed byWarren (2006, which also includes
physical constraints on the coronal flux. Its latest version,data from the CDS and SUMER spectrometers on SOHO.
named HEUVAC Richards et a).2006, extends the EUV  Although the overall agreement with the observations is
model below 5nm and includes data from the SEE instru-quite good, some discrepancies subalg¢b¢ds et al.2005.
ment on board TIMED\WWoods et al.2005. The computed spectra overestimate the EUV continuum and

www.ann-geophys.net/26/269/2008/ Ann. Geophys., 26, 2692008
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cannot properly reproduce the observed irradiances belowgolar flux, as it is described by the Beer-Lambert lailef-
160nm. Such discrepancies are inevitable as the underlysten et al. 1989. The additional production from electron
ing conditions are not all fulfilled: not all lines are optically collisions (secondary production) is also sensitive to solar
thin, assumptions need to be made on the pressure, tempeaetivity. In the E and lower F regions, this additional pro-
ature and electron density profiles, relative abundances mustuction may double (quiet conditions) or triple (active condi-
be known, etc.Kretzschmar et al2004. In spite of these tions) the primary production. At higher altitude, the effect is
limitations, models such as NRLEUV2 are valuable tools for about constant (30% of the primary production). In the E and
research. Their relevance for space weather operations is dswer F regions, the electron density is roughly proportional
yet more questionable. to the square root of the productioBahlegel 1989. A vari-
ation of the solar irradiance by, say, 33% then results in a
variation of the electron production rate by less than 100% (3
4 Trying to retrieve the XUV-EUV fluxes from their ef- times the irradiance variation) and a variation of the electron
fects is illusory density of about 10%. This value approximately equals the
error bar for the most accurate measurements made by inco-
Since the impact of the XUV-EUV solar flux on the iono- herent scatter radars; it certainly exceeds the precision on the
sphere is well understood, it is tempting to infer this flux TEC, as derived from global positioning measurements. To
from its effects. The reconstruction of the total solar irra- conclude, even accurate ionospheric measurements presently
diance from atmospheric effects has recently been reviewedemain too coarse to evaluate the contribution of various parts
by Krivova and Solank{2009. Our interest is in the connec-  of the solar EUV-XUV spectrum. Establishing a correspon-
tion between the solar EUV-XUV flux and the thermosphere-dence between the two is important for research, but trying
ionosphere system. The variation of ionospheric parameto retrieve the XUV-EUV fluxes from their impact is illusory.
ters, such as the electron density profile as measured at one
location by incoherent scatter radar, has been discussed by
Mikhailov and Schlege{2000 andZhang et al(2002. To 5 Measuring the whole spectrum is difficult and expen-
extend this approach to a larger area, one may consider the sjve
critical frequency in the E regiorNusinoy, 2006. Ther-
mospheric parameters have also been uStdckland et al.  Making continuous and real-time measurements of the XUV-
(2009 made an attempt to derive the solar flux from terres-EUV irradiance has always been a challenge. The instru-
trial dayglow observations in the far ultraviolet. The bright- ments are costly and sensitive to contamination, their life-
est oxygen emissions (red and green lines) have been useiine is limited by degradation, and frequent recalibration is
by Singh and Tyag{2002. In each case, the impact of the required. In a comprehensive revieS¢hmidtke et al(2002
flux must be isolated and modelled by a kinetic and/or fluid show that the spectral coverage of the solar spectrum in the
ionospheric and/or thermospheric code. last solar cycles has been far from complete. This has re-
The importance of these approaches should not be undesulted in a long hiatus known as the “EUV hol&dnnelly,
estimated as they offer an excellent way for validating or re-1988 Woods et al. 2005 that has lasted until 2002. A list
futing solar flux models. Most of them, however, are not of present and future missions can be foundHiochedez
suitable for space weather purposes. One of the obstaclest al. (200§. Even on board SOHO, the spectrum is not
is the multiplicity of intricate phenomena. A flare, for ex- fully measured, although several instruments are devoted to
ample, enhances the XUV-EUV flux, but also increases thets observation. SUMERWilhelm et al, 1995 is a normal
electric field, which alters the dynamics of the ionosphere,incidence spectrometer with two alternate detectors working
heating the lower layers and thereby modifying the ion com-in UV wavelength, from 50 nm to 161 nm. The spatial reso-
position and the exospheric temperature, which, in turn, is arution along the slit has an average value of 1 arcsec and the
input parameter for some thermospheric codes. These prcspectral resolution is about 0.0044 nm. The measurements
cesses are so complex and so much entangled that their solmade by SUMER have been heavily used in the aforemen-
tions are not necessarily unigudglénsten and Blelly2002. tioned works byWarren et al(1998 andKretzschmar et al.
Moreover, all codes depend on internal physical and chemi{2004).
cal parameters (e.g. absorption cross sections, collision cross The images taken by ElTDglaboudiniere et g1.1995
sections) that are known with limited accuracy. are well known and have largely contributed to the success
The thermospheric impact of the variability of the solar of SOHO. EIT observes the full disk at 28.4nm, 17.1 nm,
flux is equally difficult to useCulot et al.(2005 have shown  19.5nm and 30.4 nm and is a key facility for space weather.
that the green line is not sensitive enough to geomagnetic ac=IT, in principle, cannot be used for reconstructing the so-
tivity in order to be used as a thermospheric tracer for spacdéar DEM as one of its lines is optically thick. Reconstruc-
weather. Let us do a simple calculation for the case of thetions have nevertheless been reporteCoyk et al.(1999.
ionosphere: the primary electron production (due to pho-Finally, the Solar Extreme Ultraviolet Monitor (SEM) is a
toionization) is roughly proportional to the total XUV-EUV transmission grating spectrometer that has been designed to
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measure the absolute solar EUV flux in the Al bandpass retor) of each of these regions (3 in this example) would then
gion (17-70nm) and around the He Il line at 30.4dgéwa  be enough to retrieve the total solar spectrum. Conversely, by
etal, 1998. measuring the total spectrum and its variability, one could, in
An outstanding instrument that continuously measures theprinciple, estimate the filling factors, which are an important
XUV-EUV spectrum since February 2002 is the Solar EUV input for EUV irradiance modeld/\arren 2006 and also for
Experiment (SEE) on board the TIMED spacecrifiopds  total irradiance modeldNenzler et al.2006).
et al, 2005. SEE actually consists of 2 parts, an EUV Grat-  This idea of defining reference spectra has been used in
ing Spectrograph (EGS) that measures the spectrum from 2#he aforementioned studies Byetzschmar et a(2004 and
to 195 nm with 0.4 nm spectral resolution and a XUV Pho- Warren (2006§. There are some limitations in this. The
tometer System (XPS) that measures from 0.1 to 35 nm witHirst one is the lack of crisp definition of what a quiet Sun
a spectral bandpass of 5to 10 nm. In the frame of this reviewactually is. Reference spectra formally cannot be constant
SEE is certainly a unique instrument, and is heavily usedand must vary in time because of the heterogeneous and dy-
(e.g.Dudok de Wit et al. 2005 Kretzschmar et al.2006 namic nature of the solar upper atmosphere. Another prob-
Warren 2006. Unfortunately, XPS is now partly ineffective. lem is the lack of observational data, which hinders the defi-
Two other relevant instruments are the Large Yield RA- nition of a reference flux for the corona or for active regions.
diometer (LYRA) and the EUV Variability Experiment Lastly, the number of reference spectra is not known a pri-
(EVE). LYRA (Hochedez et 812006 is a VUV radiometer ~ ori. These problems can be alleviated by following a more
on board PROBA2 (to be launched in 2008) and will mea- statistical approach, in which the reference spectra are de-
sure the spectrum in 4 different bands and with a cadencéermined by blind source separation techniques. Such tech-
up to 30 Hz: Ly (115-125 nm), Herzberg continuum (200- nhiques have recently been developed for spectral unmixing
220 nm), Al channel (17-70 nm) and Zr channel (1-20 nm).problems Moussaoui et a.2006. Their main assumption
The EVE instrumental suiteNfoods et al.2006 on board is that the total spectrum is a linear combination of the un-
the Solar Dynamics Observatory (SDO) is a heritage fromknown reference spectra. Their objective is to jointly es-
SEE, with higher spectral resolution, higher temporal ca-timate these unknown spectra and their contribution to the
dence, and better accuracy. The launch of SDO is plannetbtal spectrum, using statistical hypotheses such as indepen-
in 2008, with a nominal lifetime of 5 years. EVE consists dence and imposing a structural positivity constraint. Prelim-
of several instruments: the Multiple EUV Grating Spectro- inary results have shown that three reference spectra suffice
graph (MEGS) is a set of 2 spectrographs that measure thtor reconstructing the spectral variability (S. Moussaoui and
5-105 nm spectral irradiance with 0.1 nm spectral resolutionP.-O. Amblard, personal communication, 2007).
and with 10-s cadence. Part of the MEGS-A CCD is directly A conceptually different approach consists in retrieving
illuminated to measure the individual X-ray photons in the the whole spectrum from the observation of a selected set of
0-7nm range with 1 nm or better spectral resolution. Thelines, spectral bands or proxies. The aforementioned FISM
EUV Spectrophotometer (ESP) is a spectrograph that meamodel Chamberlin et a).2009, is based on this. Such a
sures the solar irradiance in the 0.1-7 nm, 17-34 nm, and 58teconstruction can be done using either physical considera-
63 nm bands to provide solar X-ray measurement shortwardions, or a statistical approach. Knowledge of the emission
of 5nm. intensity of a given ion gives a lot of information about its ex-
The SEE spectrograph on board TIMED is currently suf- citation state. Using quantum mechanics, one can, in princi-
fering from growing degradation and even though EVE will ple, recover the other states and therefore the other emission
soon take over, long-term measurements of the full XUV-intensities. This property is actually used in the reconstruc-

EUV-UV spectrum with sufficient spectral and temporal res- tion of the DEM. Using this approach with the CHIANTI
olution are not guaranteed. atomic database for emission lin&setzschmar et a(2006

showed that the EUV spectrum can be reconstructed with a
relative error smaller than 10%. More important is their re-
6 Itis therefore tempting to deduce the whole spectrum  sult showing that no more than 6 to 10 lines are needed to
from the measurement of a reduced set of lines reach this level of accuracy. By combining this approach
with the previous one, one could infer reference spectra from
One of the most conspicuous properties of the solar XUV-the DEM for various solar regions, and from this reconstruct
EUV spectrum is remarkably similar time evolutions of most the total spectrum. An important property here is equality be-
spectral lines, when properly normalised (e=tpyd et al, tween the DEM of the sum of the contributions and the sum
2005. This raises the question as to whether one could inferof the DEM from each contributionPpttasch1963. This
the spectral variability from a small ensemble of lines only. idea underlies the work by/arren et al(1998.
One could, for example, assume that the total solar spectrum The second and more statistical approach is based on data
is a linear superposition of reference spectra that originateeduction techniquesDudok de Wit et al (2005 analysed
from different regions, such as coronal holes, active regionanmore than two years of daily-averaged solar spectral irradi-
or a quiet Sun. Knowledge of the relative area (or filling fac- ance data from the SEE spectrometer on board TIMED using
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the Singular Value Decomposition (SVD) metho@ojub sphere. None of them are really suited for space weather
and Van Loan2000. The SVD is commonly used in mul- applications, even if they all have their advantages, espe-
tivariate statistics to replace an ensemble of correlated varieially for solar-terrestrial research. Determining the XUV-
ables by a smaller set of new variables, whose linear comEUV spectrum in real-time (or in near real-time), and for the
bination captures the main features of the original data. Uslong term is a real challenge. This objective is now within
ing the SVD, a basic set of lines was extracted, from whichreach. Forecasting is still outside our current capabilities.
the salient features of the spectral variability could be recon- The next decades should see new concepts emerge.
structed. Afirstresultis that 5 to 8 of these lines are sufficientSpectro-imaging, even with coarse spatial resolution, would
for reconstructing the spectrum between 25 and 195 nm wittbe of great interest for solar physics. As far as space weather
a relative error below 7%, in excellent agreement with theis concerned, the reconstruction of the XUV-EUV flux from
study byKretzschmar et al(200§. The second important a linear combination of a few carefully chosen diode mea-
outcome is a strategy for determining the most appropriatesurement would be of considerable interest. Because such an
lines. For a given number of lines, several possible combi-instrument would be lighter, cheaper and more robust than
nations give almost equally good results. In determining thepresent spectrographs, it could piggyback on other space-
best combination, it is important to note that the choice ofcraft. The space weather community will soon have a chance
an observational set should be application-driveifensten  to test this concept thanks to the simultaneous operation of
et al.(2007), for example, determined the sets that are suitedLYRA on board PROBA2 and the EVE suite on board SDO.
for thermospheric studies by determining the impact of indi-
vidual lines on the ionosphere. The best set consists of H AcknowledgementsThe authors of this paper thank the COST 724
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