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Summary

Primary ionisation of major ionospheric constitigerst calculated from satellite-borne
solar EUV measurements. Number densities of th&gsaand atmosphere are taken
from the NRLMSISE-00 climatology. From the calceldtionisation rates, an index
termed EUV-TEC, which is based on the global tatalsation is calculated, and de-
scribes the ionospheric response to solar EUV endariability. The index is com-
pared against global mean ionospheric total eleatomtent (TEC) derived from GPS
data. Results show that the EUV-TEC index provalégtter overall representation of
global TEC than conventional solar indices like F1@o. The EUV-TEC index may
be used for scientific research, and to describeidhospheric effects on radio com-
munication and navigation systems.

1. Introduction

ISO 21348 (ISO, 2007) defines the wavelength rarighe EUV radiation between 10

and 121 nm; adjacent wavelength ranges are softyXior shorter and FUV (Far Ul-

traviolet Radiation) for longer wavelengths. Th&atamount of EUV energy flux is

by about five orders of magnitude smaller than tihtal solar irradiance integrated
over all wavelengths. EUV radiation is completebgarbed at altitudes above 50 km,
so that it does not reach neither the tropospherd¢he Earth’s surface. This absorp-
tion occurs mainly in the upper atmosphere (thephere) so that EUV radiation is a
very important parameter at these heights. The [EidNation interacts with the atoms
and molecules of the upper atmosphere mainly throogisation, the latter at wave-
lengths up to 102 nm. Thus, the planetary ionosphlssentially develops through this
photoionisation. However, notwithstanding the nataf the primary absorption proc-
ess (i.e. ionisation, photodissociation), finalg EUV radiation energy is transformed
into heat. Thus, EUV radiation is also decisive tioe heating of the upper atmos-
phere.

The EUV radiation is not emitted by the sun at tanisrates, but varies on different
time scales. An overview of recent measurementsmaodelling of solar EUV has
been provided by Woods (2008). The primary longatéradiance variability is re-
lated to the 11-year Schwabe sunspot cycle. Theagoy short-term variability is
caused by the solar rotation with an average peid@¥ days (Carrington rotation pe-
riod). If there are active regions of the sun, tel also follow this rotation and so
they will not always emit their radiation towardeetEarth. Solar flare events, associ-
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ated with particle eruption events and appearingenfiiequently during solar maxi-
mum than during solar minimum, can affect solaadrance over a broad wavelength
range up to 180 nm. They are short-lived with tsoales from minutes to hours. Nev-
ertheless, they cause abrupt changes in densmpet@ture, and composition of the
upper atmosphere.

The solar cycles, and other variability at shoti@e scales, affect the absorption and
ionisation. Both depend on the incident radiatiod ghe composition of the atmos-
phere, which is also influenced by the variabildy the EUV radiation. Thus,
ionospheric changes are strongly related to thetvans in the EUV spectral region.
Solar, and subsequently upper atmosphere variat@ansffect the orbits of satellites
and spaceships through changes in the drag dueetmmospheric density changes.
Furthermore, ionospheric fluctuations may causeubances of communication and
navigation systems (e.g., Pap and Fox 2004).

Solar indices may be used to describe the solantgctThe most frequently used in-
dices are the sunspot number and the solar raaoFH10.7, which is defined as the
radio emission from the sun at a wavelength of b@ntimetres. However, different
indices may be useful to either describe the ssparctrum or the effect of solar EUV
on the atmosphere and ionosphere. In this work nesemt first results to calculate an
EUV index for the ionosphere derived from solar Etfdiation measurements, which
is intended to describe the ionospheric variab{i8ghmidtke et al., 2006). This index
will be compared with the F10.7 solar radio flux.

2. EUV data

Solar spectra in the wavelength range from 0.1 @200 nm are available from the
Solar EUV Experiment (SEE) on board the TIMED da&l The TIMED mission
started in January 2002 with the goal, to obsdmeeBarth’s upper atmosphere and the
sun simultaneously. TIMED is orbiting the Earthaat altitude of 625 km. Four in-
struments measure, among others, atmospheric @snsiemperatures, winds,
ultraviolet emission and solar ultraviolet radiatioSEE is one of these four
instruments observing the solar irradiance in tla@elength range from 1 nm to 195
nm using a grating spectrograph and a set of silgwtodiodes (Woods et al., 2000;
Woods et al., 2005).

As an example, two spectra from TIMED SEE are showiig. 1. The black line is a
spectrum measured near the end of the last solenme and the red line represents
a spectrum from the last solar minimum, which wasyvextended. The irradiance
variations from solar minimum to solar maximumlie £UV range reach up to 200%.
For longer wavelengths this variability decreasgsdly. But in the radio wavelength
range at 10.7 cm wavelength as generated in thesitien region of the solar
atmosphere the solar variability is similar to theiability in the EUV wavelength
range, so that the F10.7 radio flux is frequentedias a proxy for solar UV/EUV
variability. The total variation of the solar spegh is only 0.1 to 0.2 % (e.g., Lean et
al., 2005).

52



Wiss. Mitteil. Inst. f. Meteorol. Univ. Leipzig Band 47(2010)

10

£

S 107

£

= 10™ .

g ——09.02.2002
S 107 ——05.07.2008
-

£ 10° , . . .

= 0 50 100 150 200

A [nm]
Fig.1: Two examples of EUV spectra as measuredMED SEE for solar maximum
(black) and minimum (red) conditions.

3. lonospheric primary ionisation

If EUV radiation meets the upper atmosphere, iriatts with the atmospheric gas.
Thus, EUV radiation will be attenuated due to apson, which in turn is mainly
owing to ionisation. The decrease of the radiattan be described by the Lambert-
Beer law:

di.(\) = 1.(\) (\) Ch iz, (1)

whereo is the absorption cross-section apdslthe spectral incoming radiation, both
dependent on wavelength n is the number density of the absorbing gas,zaisdhe
way through the atmosphere. Note that z does reat teepoint vertically.

In Fig. 2 the absorption and ionisation cross-sestiof four upper atmosphere major
constituents, namely atomic oxygen, atomic nitrogealecular oxygen and molecular
nitrogen, are shown. These cross-sections have taéen from Fennelly and Torr
(1992) and Metzger and Cook (1964). The photoidimsacross-sections include mul-
tiple ionisation, i.e. possible detachment of mibien one electron. lonisation only oc-
curs at wavelengths up to 102 nm. In the adjacenelength range up to 135 nm only
the absorption cross-sections for molecular oxyamenshown, because the atomic con-
stituents do not absorb in this region. Huffman6@)indicates the maximal absorp-
tion cross-sections of molecular nitrogen in thégion as less than om® so that
they can be neglected. Naturally, both the absmmpdind ionisation cross-sections of
the molecular components are greater than the -esxg®ns of the atomic compo-
nents. Furthermore, the absorption cross-sectibiseoatomic constituents are equal
to their ionisation cross-sections, because them&tocan only absorb through ionisa-
tion.

The number densities, which are necessary to ed&calbsorption after Eq. (1), are
calculated using the NRLMSISE-00 model (Piconelgt2002). Fig. 3 (left panel)

shows the diurnal averages of the densities foffdhe important components of the
upper atmosphere for different values of solaradtlix, but on the same location
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(O°N, O°E), as predicted by NRLMSISE-00. The dayo@®2002 represents a day with
high solar activity and the 05.07.2008 representayawith very low solar activity.
The influence of the solar activity on the compositof the atmosphere is clearly
visible in the model.
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Fig. 2. Absorptions cross-sections (upper panelll @motoionisation cross-sections
(lower panel) for four major constituents of thenasphere. Data taken from Fennelly
and Torr (1992) and Metzger and Cook (1964).
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Fig. 3: Left panel: Daily mean NRLMSISE-00 numtbensities at 0°E, 0°N of four at-
mospheric gases for different solar activities. IRiganel: Absorption profile®n
15.04.2005 for four atmospheric gases calculatedéoo zenith angle.
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To calculate the absorption and ionisation a madelosphere is assumed. This at-
mosphere consists only of the four constituentsvshio Fig. 3, and has an altitude of

1000 km. To calculate the absorption, energy déipasand ionisation, essentially Eq.

(1) is numerically solved along radiation pathstlgh the atmosphere with a vertical
resolution of 1 km. Vertical ionisation profileseatalculated for each latitude and lon-
gitude.

The calculation is based on spherical approximationtlined in Fig.4, thereby as-

suming a spherical atmosphere and a spherical . Haotheach layer, the decrease of
the radiation along the radiation path for eaclglsimay must be calculated. To this
aim, an angle of entry will be defined, under whibk radiation enters the model at-
mosphere at its upper edge. With this angle thke @&t (see Fig. 4) through the up-

permost atmospheric layer, and subsequently therptiien and ionisation along this

way are calculated. Then the procedure is repdatetie next layer, and then contin-

ued until the actual angle corresponds to the zeamfylex under consideration, pro-

viding the spectral radiation energy flux as wedl energy deposition at a specific
height at a given longitude and latitude. This gsialis then repeated for rays reach-
ing other heights over the grid point under consitien. In this way the absorption

and the ionisation are determined for each altitatel absorption and ionisation pro-
files will be obtained for a specific zenith angleor a given latitude-longitude grid

point at a specific time, respectively.

vertical profile under consideration

angle of entry--/s

>
centre of the earth

Fig. 4. Sketch of absorption/ionisation calculatifmm a specific point with given ze-
nith angle.
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In Fig. 3 (right panel) the absorption profiles fooderate solar activity for a zero ze-
nith distance on 0°N and O°E are shown. For akitudbove 300 km absorption
through atomic components, especially through atooxygen, dominates. The ab-
sorption through molecular components prevailsl@udes below 300 km. This is

simply owing to the fact that the heavier molecWamponents dominate at lower al-
titudes and the lighter atomic components domimmatagher altitudes (see Fig. 3, left
panel).

The spectral photon flux density, lis calculated from the spectral energy flux dgnsit
Ie divided by the energy of the photons at the resgewavelength:

N (x)/hx[C , (2)

in order to determine the primary ionisation. Tlsswuanption is made that only pho-
tons contribute to the ionisation. Secondary idiosaprocesses like photoelectron
impact ionisation are neglected. As an exampleFion 5 the primary ionisation
profiles for moderate solar activity for two diféat zenith distances on 0°N and O°E
are shown. Fog=0° the profiles look similar to the absorptionsfgdes in Fig. 3. For
x=100° ionisation takes place at much greater ditiu Because of the preponderance
of the atomic constituents at higher altitudes itmesation for large zenith distances
will be dominated by these atomic components.

In the left panel of Fig. 6 the total primary icai®n profiles for four different zenith
distances are shown. With increasighe altitude of maximum ionisation shifts to
greater altitudes and the maximum ion productide véll be smaller. Furthermore,
the influence of the ionisation by atomic/molecutanstituents increases/decreases.
The smaller ion production rates at extremely lazgeith angles can be explained by
the fact that on the one hand part of the radigti@asses the atmosphere without being
absorbed. On the other hand, at laggeuch absorption already appears before the
zenith distance under consideration is reached.
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Fig. 5. Primary photoionisation profiles on 15.0805 for four atmospheric gases
calculated for zero zenith distange0° (left panel) andy=100° (right panel).
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Fig. 6: Primary photoionisation profiles on 15.0905 for different zenith distancgs
(left panel) and for different solar activities gt0° (right panel).

On the right panel of Fig. 6 the total primary mation for zero zenith distance, but for
different solar activities are shown. The day 02002 represents a day of high solar
activity, 15.04.2005 represents a day of moderalar saactivity and 05.07.2008 is a
day of low solar activity. Clearly, the primary isation depends on the solar activity.
Above 300 km the variability of the ion producticates between solar maximum and
solar minimum conditions amounts to one order ofmiade or more. However, the
altitude of maximum ionisation shifts only margiyal

4. Reaults: EUV-TEC index

From the calculated ionisation rates a global mims rate is determined through av-
eraging ionisation rates that are calculated fahdangitude and latitude on a given
day. The single ionisation rate profiles includadhis averaging were calculated us-
ing global average number densities as input. Riaese ionisation rates at every grid
point a mean global ionisation rate is calculatew termed EUV-TEC index.

Obviously, ionisation rates may, locally, not be apropriate measure to describe
electron densities, essentially because of theienfte of dynamics. However, on a
global scale a relatively strong correlation is ested. Thus, in the following the
EUV-TEC index will be compared against a global médatal Electron Content
(TEC). To check whether the index is able to désca considerable part of global
ionospheric variability better than existing indicdo, global TEC is also compared
with the solar radio index F10.7, which is frequnised to describe solar variability.

For the calculation of global TEC, local verticde@ was used, which is based on a
routine evaluation of GPS dual-frequency trackirajad(Hernandez-Pajares et al.
2009). These data are recorded with the IGS trgcketwork. The datasets are avail-
able every 2 hours for different longitudes andtudes. To compare the new EUV-

57



Wiss. Mitteil. Inst. f. Meteorol. Univ. Leipzig Band 47(2010)

TEC index with global TEC, the local TEC data weseighted with their geographical
latitude and then a global diurnal mean was beutatied.

In Fig. 7 the time series of EUV-TEC and F10.7 haotmigether with global mean TEC,
are shown from 1-JAN-2002 to 31-DEC-2009. A goodaation between EUV-TEC
and F10.7 exists during high solar activity. Thehaviour is due to the respective ori-
gin of the solar EUV flux and the 10.7 cm radio ssion. The F10.7 index is origi-
nated primarily in the high temperature transiti@gion of the solar atmosphere
whereas the solar EUV flux is primarily originatedthe chromosphere and to less
extend in the transition region and corona. Th& ttn radio flux undergoes stronger
changes at higher solar activity. During thesequrithe EUV emissions from higher
excited atoms in the solar atmosphere are showgapd correlation with F10.7. As a
rule of thumb, the lower the wavelengths of theas®UV emissions, the higher is
their variability with solar activity. In detailhe highly variable FelX-FeXIllI lines be-
tween 16 nm to about 30 nm are also primarily aaggd in the solar transition region
explaining the stronger correlation at enhancedrsativity.

However, at lower solar activity the EUV emissidnsm the transition region to a
lesser extent contribute to the total EUV activihence F10.7 is correlating less
strongly with the total EUV radiation during thgseriods. Consequently, during solar
minimum the correlation in Fig. 7 is weaker. Conmparthe time series of the EUV-
TEC index and global TEC index, however, the sealspattern at low solar activity is
well visible in both time series. One may concltigat F10.7 does not represent iono-
spheric variability that well as the EUV-TEC inddges, in particular during times of
low solar activity.
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Fig. 7: Time series of daily EUV-TEC indices andlgll mean TEC (upper panel) and
time series for global mean TEC index and F10.&rs@dio flux (lower panel) during
2002 to 2009.
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Fig: 8: EUV-TEC index (left panel) and F10.7 (righdnel) vs. global mean TEC
during 2002 to 2009.

On the left panel of Fig. 8 the EUV-TEC index isrquared with the global TEC index
from 1.1.2002 to 31.12.2009. There is a strongetation between these indices with
a correlation coefficient of 0.95. In comparison, the right panel of Fig. 8 the solar
radio flux F10.7 is shown vs. the global TEC indBxweaker correlation, with a cor-
relation coefficient of 0.89 only, is obtained. Badhat in Figs. 7 and 8 all indices
based on the time interval 2002-2009 are compdreds, the majority of data points
refer to solar minimum conditions rather than dgrgolar maximum conditions, es-
sentially because the last solar minimum was vetgreled from 2007 to 2009.

5. Conclusions

From solar EUV spectra, global mean primary iomgatates have been calculated on
a daily basis. This provides an index - EUV-TE@hjch to a certain degree describes
the influence of solar variability on the ionospheComparison of the index variabil-

ity with that of global mean TEC provided by GPSaswements show that the index
is strongly correlated with TEC. In particular, timelex is able to represent the sea-
sonal global TEC cycle during solar minimum, whishnot present in other indices

used for solar variability description. In partiauyl for representing ionospheric vari-

ability, the new index performs better than thetrently used F10.7 radio flux.
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