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Abstract

Phase differences between the two carrier waves from Global Positioning System (GPS)
satellites provide information on numbers of electrons integrated along line-of-sights. Sudden
increase of electron densities in ionosphere is caused by enhanced ultraviolet flux by solar
flares. Here | report two examples of such observations using globally deployed GPS stations.
Dependence of such increase on solar zenith angles is addressed using stations distributed
over the sunlit hemisphere. The height distribution of the electron increase is also discussed

using data from stations along the night-day boundary.
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KI5 RTEAAOD i1 C RS R i O MALEEN T 5 = /L X — 85X cos 0 IZHBIT 205,
HHIZBE 25 L SITECORE S bZHICTHAIT D K 5 1ibinsg. Lo LB S 7z SITEC
D& KIGRTEADOERE RS &, k%ﬁ&@@ﬂm0@ﬁ&iamei@%%#;@@T
& % (Figure 3). F7= 2003 4E DT ik%%ﬁﬁﬂgm*hgif%anmﬁﬁmfﬁwﬁ
E, cos 0LV '@’?%E%E&%'f/v@zgfﬁzéﬂ‘ﬂﬂ?é ARFFETIL, 7L T RIS
KRRF DI+ 2 BRES 2 = B O _RIARRYIC édhn@ﬁﬁfﬂ%ék%z %@E%ﬁ
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L%, ZZTd RIO)IF Figure 3 (2779 AB M T SITEC & & 72 5 284NN & < I8
REOEITHY, alFAHKE TORRDORKE I TH 5. SITEC0)Z £ E41 0.6 & 7.0 TECU,
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E VI RHIEZ i L CI57-SITECon & Figure 7 129, 152X B0 /hEL 72> T05
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Fig. 1. Solid circles show GPS stations where Sudden Increase of TEC (SITEC) has been observed
associated with the 2004/Jul/16 solar flare (X1.3). Contours of 5 degrees interval of solar zenith
angles at the flare maximum (the angle is zero at the solid square in the Western Pacific Ocean) are
also plotted. Time series of TEC after the penetrating angle corrections are shown for the two GPS
points, namely DGAR (IGS point), Chagos Islands, Indian Ocean, and the point 0603 (GEONET
point), Bonin Islands, Japan. Local times there are morning and nearly at the noon, respectively.

Numbers attached to the time series indicate GPS satellite numbers.
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Fig. 2. SITEC associated with a large solar flare (X17.2) on 2003/Oct/28, plotted in the same way as
Figure 1. TEC time series show those at the GPS points, URUM (IGS), western China, and BAHR
(1GS), Bahrain, Southwest Asia. The solar zenith angle at URUM exceeds 90 degrees (i.e. after the

sunset), but significant SITEC are seen for many satellites.
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Fig. 3. SITEC gets smaller as the solar zenith angle 6 increases, due to attenuation of EUV flux by a
hypothetical layer. SITEC by the two flares shown in Figure 1 and Figure 2 are plotted as functions

of 0. Solid gray curves show the attenuation model (see text) while dashed curves show simple

cosine of 0.
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Fig. 4. SITEC at KARR station, Western Australia, associated with the 2003/Oct/28 large flare.
Curves in the left figure show contour lines of solar zenith angles 90, 95, 100 and 105 degrees.
Trajectories show ground tracks of points where line-of-sights penetrate hypothetical thin ionosphere
as high as 300 km (stars indicate positions at the maximum of the flare). It is already after the sunset
at KARR, but SITEC are seen for GPS satellites in the western sky (e.g. Sat. 4, 8). However, SITEC

are not seen in satellites in the eastern sky (e.g. Sat. 2, 20).
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Fig. 5. “Shadow height” is defined as the height of the
intersection between the line-of-sight and the Earth’s
shadow. By comparing SITEC values for different
shadow heights observed at GPS points with 6 larger
than 90 degrees, the height distribution of the electron

density increases by solar flares might be inferred.

Fig. 6. Ten IGS stations
with solar zenith angles
larger than 90 degrees are
selected (map). Symbols
with darker colors denote
smaller solar zenith angles.
Vertical TEC time series
are plotted at vertical
positions that correspond
to shadow heights (Figure
5) for the GPS satellite and
receiver pairs. Colors of
the curves are the same as
those in the GPS points in

the map.
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Fig. 7. (left) Relationship between the SITEC values and the shadow heights defined in Figure 5, for
the ten IGS stations shown in Figure 6. Darkness of the symbol denotes the solar angle, or the
angular distance between the receiver-to-satellite vector and the direction of the sun (darker symbols
shows larger angles). Empirical corrections for the solar angle have been performed to minimize the
dispersion (right). Gray curves show the dependence expected if the height distribution of the

enhanced electron density is proportional to the electron density during the normal time.



