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[1] The solar activity dependence of the summer-winter hemispheric asymmetry (SWHA)
of the sudden increase in total electron content (SITEC) due to solar flares and of the O/N2

ratio is statistically analyzed using global GPS-total electron content data and TIMED
Global Ultraviolet Imager column O/N2 ratio data. We focus on observations with
nonnegligible residuals of the solar zenith angle (SZA) dependency of SITEC. We
examined 109 SITEC events associated with flares larger than M5 X-ray class flare from
2000 through 2006 and compared the residual SITEC (d) to the O/N2 ratio. We observed
that the latitude gradient of d has not only an annual variation but also a year-to-year
variation that is similar to those of the O/N2 ratio. The SWHA magnitude (defined as the
annual maximum of latitude gradient) of both d and O/N2 decreases as the solar activity
declines toward its minimum. The correlation coefficient between the annual SWHA
magnitudes of d and those of O/N2 is 0.92, indicating strongly that the SWHA of O/N2 is
responsible for that of SITEC in both the annual and year-to-year variations. The X-ray
classes of the solar flares have no clear correlation with the solar activity, F10.7 index. We
observe that the SWHA magnitude of d does not depend on the magnitude of solar flare
but rather on the background solar activity through the SWHA magnitude of the O/N2.
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1. Introduction

[2] Solar flares cause an immediate increase in the plasma
density of the Earth’s ionosphere as a result of the interac-
tion of the enhanced extreme ultraviolet (EUV) and X-ray
emissions with the neutral components in the upper atmo-
sphere. This plasma density variation has been well known
as sudden ionospheric disturbances (SIDs). The SID gener-
ally includes various ionospheric disturbances such as the
sudden phase anomaly (SPA) of very low frequency (VLF)
waves and the sudden increase in total electron content
(SITEC), which are observed in different ionospheric sub-
regions by different methods (see reviews by Mitra [1974]
and Davies [1990]). SID is important because of its space

weather implications. Immediate changes in total electron
content (TEC) can affect radio communications and
navigation.
[3] SITEC is generally considered to be a manifestation

of electron density enhancement in the ionospheric F region,
where the electron density is produced mainly by the
EUV portion of the solar spectrum [Tsurutani et al.,
2005]. Since the beginning of 21st century, the two-
dimensional imaging technique using TEC data from
worldwide GPS receiver networks has been applied to
SITEC studies [e.g., Afraimovich et al., 2001; Liu and Lin,
2004]. These studies have observed a solar zenith angle
(SZA) dependence of SITEC [Zhang and Xiao, 2003; Wan
et al., 2005]. Tsugawa et al. [2006a] statistically analyzed
91 clear SITEC events from January 2000 to May 2005 and
revealed the summer-winter hemispheric asymmetry
(SWHA) of SITEC is due to that of the O/N2 density ratio
in the ionospheric F region.
[4] Although studies using GPS networks have clarified

new characteristics of SITEC, there have been few studies
on the solar activity dependence of SITEC. It may be
expected that the magnitude of the SWHA of SITEC
depends on solar activity because the neutral composition
should basically depend on the solar activity. In this study,
we investigate the solar activity dependence of the SWHA
of SITEC using the procedure developed by Tsugawa et al.
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[2006a]. We report on our observation that the magnitude of
the SWHA of SITEC decreases according to the descending
phase of solar activity cycle. We also note a similar solar
activity dependence in the column O/N2 ratio observed by
the TIMED Global Ultraviolet Imager (GUVI) instrument.

2. Data and Method of Analysis

[5] In this study, the GPS database of SOPAC (ftp://
garner.ucsd.edu), which consists of about 1200 GPS
receivers distributed worldwide (as of January 2006), is
used to compute the SITEC. The integrated electron density,
the slant TEC, along the entire line-of-sight (LOS) between
receiver and satellite is obtained from the GPS data with 30-s
time resolution using the dispersion of the two-frequency
GPS signals in the ionosphere. The derivation of TEC is
described in more detail in the papers of Mannucci et al.
[1999] and Tsugawa et al. [2006b]. Vertical TEC from each
LOS observation is obtained using the assumption of a thin
shell ionosphere located at 300 km which is the approximate
F region peak height. We discard the GPS data with low
elevation angles (0–45�) to reduce errors due to conversion
from slant to vertical TEC and cycle slips. We also discard
the TEC data at latitudes higher than 60� geomagnetic
latitudes in order to exclude the TEC variations caused by
the energy input from the magnetosphere. Information about
the integer cycle ambiguity and the satellite and receiver
biases is not needed in our method because our focus is the
relative increase in TEC during solar flares rather than the
absolute magnitude of TEC. The relative TEC variation can

be obtained theoretically with a precision of 0.01–0.02
TECU (1 TECU = 1016 m�2), which corresponds to �1%
of thewavelength ofGPS signals L1 (0.19m) andL2 (0.24m)
[Spilker and Parkinson, 1996].
[6] The sudden increases in TEC observed during solar

flares are investigated with the procedure developed by
Tsugawa et al. [2006a]. In this procedure, first intense solar
flares, larger than the M5 X-ray class, are selected in all
the flare events from 2000 through 2006 using the X-ray
solar flare list obtained from GOES observations. Second,
the TEC increases are detected within ±30 min around the
peak time of X-ray flux for each flare. In order to compare
the increases in TEC to the O/N2 ratio, we also use the O/N2

ratio data from the GUVI instrument on the TIMED satellite
[Christensen et al., 2003]. Tsurutani et al. [2005] and Huba
et al. [2005] have indicated that the ionospheric TEC
response to solar flare is caused mainly by the electron
density variation in the F region and the upper E region
where the solar EUV radiation, not the X-ray, ionizes the
neutral particles. Since the detailed spectrum of solar
radiation varies from flare to flare, the EUV and X-ray
intensities do not always correspond to each other. Although
we did not use any EUV data in this study, we believe that
the intensity of EUV is correlated with the X-ray class in a
statistical analysis with sufficient flare events because the
X-ray class is measured by the flux of soft X rays whose
spectrum band is close to the EUV spectrum. Our method
for detecting SITEC events and for comparing TEC to O/N2

is described in detail in the next section where we present a
sample SITEC event.

3. Example of SITEC Event

[7] We present here the SITEC event for the X8.3 solar
flare on 2 November 2003. Figure 1a, taken from Figure 2b
of Tsugawa et al. [2006a], shows the temporal variation of
0.5–4 Å and 1–8 Å X-ray fluxes observed by the GOES
10 satellite. The data are normalized by the peak values.
Both X-ray fluxes began increasing at 1703 UT, reached the
maximum at 1723–1726 UT, and then gradually decreased.
Figure 1b, taken from Figures 2d of Tsugawa et al. [2006a],
shows time sequences of detrended TEC from all satellite-
receiver paths at glps GPS receiver [�0.7�N, �90.3�E] in
Puerto Ayora, Ecuador, closest to the subsolar point during
the solar flare. Each detrended TEC curve is derived by
subtracting the 60-min running average from the TEC data,
where both the data and average include the instrumental
bias in the satellite and the receiver. The upward (down-
ward) arrows with numbers beside the TEC curve indicate
the minimum (maximum) peak and the pseudorandom noise
(PRN) numbers, respectively. Although all the TEC curves
have different ionospheric penetration points (IPPs) within
300 km from the receiver location, they all increase by
�3 TECU a few minutes after the commencement of solar
X-ray enhancement, then gradually increase for 15–20 min,
and reach their maxima at 1730–1736 UT about �10 min
after the peak of X-ray fluxes. We regard such TEC
enhancements as the SITEC event induced by the solar
flare, and define the SITEC value at each IPP as the
minimum-to-maximum amplitude of detrended TEC.
[8] Thus we examine the TEC data from all IPPs of all

GPS receivers and obtain the global distribution of the

Figure 1. Temporal variation of (a) the peak-normalized
X-ray flux from GOES 10 and (b) the detrended total
electron content (TEC) from all satellite-receiver paths at
glps GPS receiver during the X8.3 flare on 2 November
2003. The solar zenith angle at glps is 12� at the peak time
of X-ray flux. The upward (downward) arrows with
numbers beside the TEC curve indicate the minimum
(maximum) peak and the PRN numbers, respectively.
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