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Abstract

In this paper, we investigate the solar flare effects of the ionosphere at middle latitude with a one-dimensional

ionosphere theoretical model. The measurements of solar irradiance from the SOHO/Solar EUV Monitor (SEM) and

GOES satellites have been used to construct a simple time-dependent solar flare spectrum model, which serves as the

irradiance spectrum during solar flares. The model calculations show that the ionospheric responses to solar flares are

largely related to the solar zenith angle. During the daytime most of the relative increases in electron density occur at an
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solar flare observations by using 17 stations in
North America, Europe, and Africa for the first
time and addressed that the enhancement of TEC at
low latitude was higher than that at high latitude.
Wan et al. (2005) analyzed the sudden increase of
total electron content (SITEC) during the July 14,
2000 flare by the GPS data and found that both the
flare-induced TEC variation rate and the TEC
enhancement are proportional to the flare radiation
If and inversely proportional to the Chapman
function ch(w). Recently, global views of solar flare
effects of the ionosphere by using the GPS network
observations have been achieved (e.g. Afraimovich,
2000; Leonovich et al., 2002; Liu et al., 2004;
Tsurutani et al., 2005; Zhang et al., 2002; Zhang and
Xiao, 2005). Afraimovich (2000) developed a novel
technique to detect global ionospheric effects of
solar flares, and effects of two powerful flares of the
ionosphere were studied as examples. Leonovich
et al. (2002) proposed a new method to estimate
the contribution to the enhancements of TEC at
different altitudes for the July 14, 2000 flare, and
found that 25% of the TEC increments come from
altitudes above 300 km. Zhang et al. (2002) reported
that the TEC enhancement becomes smaller when
the solar zenith angle (SZA) is larger. Liu et al.
(2004) suggested that TEC is a suitable tool to
monitor the overall variations of flare radiations,
while the rate of change of TEC (rTEC) is capable
of detecting sudden changes in the flare radiations.
Tsurutani et al. (2005) reported persistence in TEC
for several hours on the October 28, 2003 flare and
found strong center-to-limb effects in the solar flare
EUV spectra by comparing the October 28, 2003
flare event with the November 4, 2003 event. By
using the GPS data from 114 GPS stations of the
International GPS Service for Geodynamics (IGS),
Zhang and Xiao (2005) analyzed the morphological
features of the TEC variations in the sunlit hemi-
sphere during the solar flare on October 28, 2003.
Furthermore, Chen et al. (2005) statistically ana-
lyzed the SITEC caused by intense solar flares
during 1996�2003 and found a negative relation-
ship between the TEC enhancements and the
distance between the Earth and Sun (seasonal
effect), and also a negative relationship between
the amplitude of SITEC and the duration of the
flares.

The above investigations are mostly concentrated
on case studies with various data sets (e.g. ISR, GPS
measurements). A comparison of the modeled and
observed flares effects of the ionosphere is essential
to verify the ability of ionospheric models and
enrich our knowledge on the production and loss
mechanisms of the ionosphere. However, modeling
studies on the ionospheric responses to the flare are
still seldom found in literature, partly due to the
absence of the observed information on the full
spectrum of solar radiations during the course of
solar flares. In order to overcome this difficulty,
Warren et al. (1998, 2001) introduced a new
approach for modeling solar EUV irradiance
variation. Based on the method of Warren et al.
(1998, 2001) and the observations of the Bastille
Day flare, Meier et al. (2002) estimated the flare
EUV spectral irradiance enhancement and predicted
the ionospheric response to the flare radiation.
Furthermore, using a time-dependent EUV spec-
trum (Mariska et al., 1989), Huba et al. (2005)
presented the first global simulation study on the
ionospheric effects associated with the enhanced
EUV irradiance of the Bastille Day flare. Both
Meier et al. (2002) and Huba et al. (2005) focused
on the modeling of the special flare event.

In this paper, we investigate the ionosphere
effects of the flares which occurred at different local
times (LT) and different seasons with a one-
dimensional mid-latitude ionosphere theoretical
model (Lei et al., 2004a, b). First of all, we simulate
the ionospheric responses to the flare event on
October 28, 2003. A time-dependent solar flare
spectrum on this day has been constructed based on
observations of the SOHO Solar EUV Monitor
(SEM) EUV and the GOES X-ray. The modeling
results are compared with the GPS-TEC observa-
tions. Then we focus on the ionospheric response to
flares under different local times and seasons.

2. Ionospheric model and the solar flare EUV

spectrum

A one-dimensional theoretical model for the mid-
latitude ionosphere used in this study has been
developed by Lei et al. (2004a, b). Using this model,
equations of mass continuity and momentum for
O+ are solved. Ion densities of NO+, O2

+, and N2
+

are calculated under the assumption of photoche-
mical equilibrium. Neutral compositions are taken
from the NRLMSISE-00 model (Picone et al.,
2002), and the NO density is obtained from an
empirical model developed by Titheridge (1997). In
this paper, we expand the height of the upper
boundary from 600 to 1000 km for better calcula-
tion of the TEC value. The reader is referred to Lei



et al. (2004b) for a detailed description on the
model.

The EUVAC model (Richards et al., 1994)
empirically provides the solar EUV flux at 37
wavelength bins, covering the range of 50�1050 Å,
but does not include the X-ray wavelength bins.
Richards et al. (2006) present a new high-resolution
version of the EUVAC model (HEUVAC) to
improve the spectrum resolution. The HEUVAC
model has constant wavelength bins over the range
0–1050 Å with any resolution desired. In this study,
the solar spectra (5�1045 Å) are separated into 208
wavelength bins with 5 Å resolution. In this paper,
the HEUVAC model is used to provide the solar
radiation fluxes for our ionospheric model. How-
ever, during a solar flare, the solar X-ray and
EUV fluxes vary significantly, especially for shorter
wavelengths. To obtain a more realistic flare
spectrum profile, the SOHO/SEM 260�340 Å data
with 15 s time resolution and the GOES X-ray
(1�8 Å) data with 1min resolution are used to serve
as reference fluxes during a flare. The values of the
radiation 1 h before solar flare onset are set as the
background level, and the radiation during the flare
course is obtained by multiplying the background
level by a time-varied coefficient ai(t), where t is the
lapsed time after the onset of flare, and i indicates
the ith wavelength bin (i ¼ 1, 2, y, 208). The time-
varied coefficients of 300–305 Å, a60, and 5–10 Å, a1,
are directly taken from the SOHO/SEM 260–340 Å
data and the GOES X-ray 1�8 Å data. The
coefficients of other bins are obtained as follows:

aiðtÞ ¼
a1ðtÞAi=A1 for ip10;

a60ðtÞAi=A60 for i410:

(
(1)

Here Ai (i ¼ 1, 2, y, 208), the ratio of the flare
irradiation at the peak of a flare to the pre-flare
irradiation at 1 h before the flare, is obtained
according to Woods and Eparvier (2006). The
SOHO/SEM integrated (26–34 nm) EUV photon
flux and the GOES X-ray flux during the October
28, 2003 flare are plotted in Fig. 1. The correspond-
ing coefficients of a60
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flare event. The calculations are conducted at a
location of geographic latitude 481N and longitude
01E. The following geophysical parameters are
adopted: DOY (day of year) ¼ 301, F10.7 ¼ 254,
F10.7A ¼ 138.7, 3 h geomagnetic index AP ¼ (15 39
22 39 12 27 18 27). We simulate the flares at
different LT and DOY. The geophysical conditions
are set to be the same as those on October 28, 2003.

It should be noted that during the flare the time
step Dt of the ionosphere model is taken as 60 s to be
consistent with the 1-min time resolution of GOES
X-ray data, and at other times it is set as 300 s. In
each simulation, we perform two runs: one with the
normal spectrum throughout the process and the
other with the time-dependent flare spectra.

3.1. Case study: October 28, 2003 flare

In Fig. 2, the simulated results are plotted together
with the observations derived from three GPS
stations at Innsbruck of Austria (HFLK, 47.31N,
11.41E), Bregenz of Austria (PFAN, 47.51N, 9.81E),
and Karlsrube of Germany (KARL, 49.01N, 8.41E).
The vertical TEC data are derived from the ninth
satellite (#9) by assuming an ionospheric spherical
shell at an altitude of 650km (Tsurutani et al.,
2005). These three stations are chosen because their
geographical locations are close to the simulated
location (481N, 01E). We define the enhancement of
TEC, DTEC ¼ TECf–TEC0. TECf is the TEC on
October 28, 2003 and TEC0, the background TEC, is
obtained by fitting the curve of TEC before and after
a solar flare. For the simulated results, TECf stands
for the TEC with flare; TEC0 for the TEC without
flare. As illustrated in Fig. 2b, there are double peaks
in the SOHO/SEM EUV. The first and larger peak
occurs at about 1105UT and the second peak at
1116UT. The observed DTEC increases rapidly from
about 1100 to 1105UT, and then increases slower
from about 1105 to 1118UT (Fig. 2a). A peak in
DTEC with about 16 TECU is reached at 1118UT.
Similar to the observations, the simulated DTEC
also increases rapidly from 1100 to 1105UT, and
increases slower and then reaches the peak value of
about 12 TECU at 1118UT. One can find that the
evolutions of the modeled and observed DTEC are in
good agreement, except for some minor difference in
the amplitude of DTEC.

Good agreements between observations and
simulations indicate that the model used in this
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study is feasible for the modeling of the ionospheric
response to the flare. As shown in Fig. 2b, both the
observed and modeled rTEC have two peaks
corresponding to the double peaks of solar EUV.
It suggests that the rTEC is more suitable to
monitor the sudden changes in solar radiations
during flares, which supports the conclusion of
Liu et al. (2004). However, there are also some
differences between the GPS data and the modeled
result. The observed TEC increases more rapidly
during the flare. We note that there are some
uncertainties in this simulation. First we only obtain
the 260–340 Å EUV and the 1�8 Å X-ray, while
other wavelength bins are obtained by scaling these
reference spectrums with Eq. (1). Furthermore,
there are uncertainties in the neutral gas densities
calculated from the MSIS model because the MSIS
model does not include the flares affect on the
thermosphere.

3.2. The characteristics from the simulations

To investigate the seasonal effects of flare-
induced enhancements in electron density, we take
days 81, 171, 261, and 351 as spring, summer,
autumn, and winter, respectively. The ionospheric
responses to a flare in four seasons were simulated
by using the ionospheric model at different local
times. In the following, the lapsed time after flare
onset will be frequently used, which is abbreviated
as TAFO. Due to the high similarity between the
simulated results on day 81 and on day 261, we only
split a year into three seasons and choose the
simulated results on days 81, 171, and 351 to
represent the ionospheric responses to a flare in
equinox, summer, and winter solstices, respectively.

3.2.1. The electron density variations

Nef and Ne0 denote the values of Ne with a flare
and without a flare, respectively. Define the absolute
increase in Ne, DNe ¼ Nef–Ne0, and the relative
increase in Ne, rDNe ¼ DNe/Ne0. In the paper, we
focus on the relative change of electron density
rDNe and not on the absolute increase DNe, because
the relative change reflects the ionospheric response
to solar flare more exactly than the absolute
increase. Fig. 3a–c shows the flare-induced relative
increase rDNe at different local times in three
seasons. The left panels of Fig. 3 show the results
around sunrise; the right panels of Fig. 3 show the
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Fig. 3. The profiles of the simulated rDNe in (a) equinox (DOY ¼ 81), (b) summer (DOY ¼ 171), and (c) winter (DOY ¼ 351). The local

time on each panel stands for the onset time of the flare.
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results around sunset; and the middle three panels
correspond to the results during the daytime. From
Fig. 3 we find that during the daytime most of rDNe
occurs in the region below 300 km, which agrees
with the finding of Thome and Wagner (1971), and
the largest rDNe occurs in the E-region (at an
altitude about 115 km) with a factor of more than 3.
During a flare, much more significant increase of
X-ray and short-wavelength EUV radiation, which
are mainly absorbed in the E-region, should be
responsible for the largest rDNe in the E regions.
The height of the largest rDNe almost remains at
110–120 km during the whole course of the flare
in three seasons, which is due to the dominant
photochemical processes at the low ionosphere
(Rishbeth and Garriott, 1969). Fig. 3 also illustrates
that the simulated results around sunrise and sunset
are quite different from those during the daytime.
During the daytime, the response of the E region
ionosphere at low altitudes to the flare is stronger
than that at high altitudes, with a peak at about
115 km altitude; however, around sunrise and sunset
(e.g. 05 and 18LT, 03 and 20LT, and 06 and 17LT
on days 81, 171, and 351, respectively), because
of a higher 1/e penetration depth due to the larger
SZA, the flare-induced radiation enhancements are
mainly absorbed at higher altitudes, which causes
the stronger responses at high altitudes than at low
altitudes, with a peak at about 150–200 km. More-
over, the ionospheric responses to a flare have no
significant differences during the daytime.

To clearly illustrate the altitude distribution of
the ionospheric response to a flare, we plot the
height profiles of the daytime rDNe in three seasons
in Fig. 4. As seen from Fig. 4, there is the largest
rDNe in the E-region at about 115 km, as mentioned
above, and also a second smaller peak in the
F-region at about 180 km. Most of the F region
photoionization comes from solar radiations at
the middle bands, 260–796 Å, whereas radiation
at longer and shorter wavelengths contributes
more at lower attitudes (Hargreaves, 1992). During
a flare, the largest enhancements in ionizing radia-
tion occur at short wavelengths lower than 10 nm
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Fig. 4. The height profiles of the simulated rDNe in the daytime
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data are simulated results of 12LT and the time is at
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that are absorbed in the E-region, so the largest
rDNe lies in the E-region. The high similarity of the
three lines in Fig. 4 also indicates that during
the daytime there are only small differences in the
ionospheric response with season.

The peak rDNe is defined as the largest value of
rDNe among all altitudes during the whole period of
a flare. We plot the local time dependence of the
height of peak rDNe (abbreviated as Hpr) in Fig. 5a.
Fig. 5b illustrates the corresponding variation of
peak rDNe and Fig. 5c for the corresponding SZA
variation. As seen from Fig. 5a, the shape of the
variation of Hpr with local time looks like ‘‘U’’; that
is, Hpr around sunrise and sunset is much higher
than that during the daytime. Taking the results of
equinox, for example, Hpr drops gradually from
about 210 to 116 km during the time from sunrise to
morning (04–08LT), stays at about 116 km during
the daytime (08–16LT), and uplifts from 116 to
190 km during the time from 16 to 18LT. Fig. 5a
also shows that during the daytime Hpr is lowest
(about 110 km) in summer and highest (about
120 km) in winter. Comparing Fig. 5a with c, one
can infer that the variation of SZA is likely to be the
main reason for the seasonal discrepancies and the
local time variations of Hpr. The SZA is smallest in
summer and largest in winter, which would directly
cause Hpr to be the smallest in summer and largest
in winter. The larger SZA around sunrise and sunset
cause more flare radiation to be absorbed by the
ionosphere at higher altitudes and then cause larger
Hpr around sunrise and sunset than during the
daytime. The variations of the peak rDNe with local
time in Fig. 5b show that the peak rDNe is largest
at 1 or 2 h after sunrise (e.g. 06, 04, and 07LT in
equinox, summer, and winter, respectively), and
reaches nearly a factor of 4. This result may be
because the background electron density at that
time is lowest. We also find that during the daytime
there are only very small changes in the peak rDNe
with local time.

In Fig. 6, the simulated results in equinox are
selected to illustrate the evolutions of the rDNe at
different altitudes around sunrise, daytime, and
sunset, respectively. The results in other seasons
(not shown) are similar to those in equinox. As seen
from Fig. 6, the ionospheric responses depend on
altitude and local time significantly. The results
during daytime and sunset are similar, which is
that the rDNe at altitudes below 200 km increases
rapidly with the peak at TAFOE6–8min and then
decreases rapidly, whereas the rDNe at altitudes
above 200 km increases slower than that at altitudes
below 200 km, reaching the peak at TAFOE20min,
and then also decreases slower than altitudes
below 200 km. The domination of the photochemi-
cal processes, large neutral gas densities, and large
X-ray and short-wavelength EUV enhancements
was mainly absorbed at low altitudes. These
combined factors lead to a rapid increase in the
rDNe in this region. Molecular ions such as NO+

and O2
+, the dominant ion at low altitudes, have a

much rapid dissociative recombination rate. This
also causes a rapid decrease in rDNe in this region.
At high altitudes, the domination of the transport
processes other than photochemical processes, less
neutral gas densities, and less middle band EUV
enhancements mainly absorbed in the F-region
(Hargreaves, 1992) cause a slower increase in rDNe
in this region. In the F-region (above 200 km), the
loss process of the dominant ion O+ mainly by the
ion–atom interchange reaction is much slow com-
pared with the dissociative recombination of mole-
cular ions, which cause a slower decrease in the
rDNe in this region. As shown in the left panel of
Fig. 6, around sunrise the ionospheric response
is faster and larger at higher altitudes: obvious
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increases occur at TAFOE20min, with a peak rDNe
of about 1.3 at 160km, and at TAFOE40min, with
a peak rDNe of about 0.25 at 120km, whereas
electron densities begin to increase at TAFOE5min,
with the peak rDNe of about 2.3 at 200km. Around
sunrise, during the initial time of flare due to a very
large SZA, the EUV and X-ray could not penetrate
deep enough to low altitudes because of the
absorption along the long ray path of radiation by
dense neutral atmosphere. Therefore, an obvious
and rapid increase of electron density at low
altitudes does not exist. However, with increase in
time the corresponding SZA decreases, which makes
it possible for EUV and X-ray to reach a lower
altitude gradually and causes the ionospheric alti-
tudes of 160 and 120km to begin to present flare
response at TAFOE20 and 40min. However, the
rapid increase in electron density at low altitudes as
occurs in the daytime will not occur (as shown in
the left panel of Fig. 6 that rDNe at 120 and
160km reaches its peak at TAFOE70 and 45min)
because both X-ray and EUV radiations decrease
from TAFOE20min (see Fig. 1). The greater flare
response around sunrise at high altitudes should be
due to the low electron density compared with those
at daytime and sunset.

3.2.2. The TEC variations

The evolutions of the relative change in TEC,
rDTEC, around sunrise, daytime, and sunset are
shown in Fig. 7. The relative change in TEC is
defined by the ratio (TECf–TEC0)/TEC0, where
TECf stands for the TEC with a flare and TEC0 for
the no flare case. The results in other seasons are
similar to those in equinox, and are therefore not
plotted here. As illustrated in Fig. 7, during daytime
and near sunset, the rDTEC increases rapidly, with a
peak at TAFO E18min (slightly delayed from the
flare peaks at TAFO E5 and 16min), then decays
gradually with time. The speed of the increase of
rDTEC is 3–4 times fast as that of decrease.
However, during sunrise the rDTEC increases
slowly and reaches the peak at TAFOE60min
and then decays slowly. Around sunrise, due to a
very large SZA, short EUV and X-ray could only
mainly be absorbed by the atmosphere at high
altitudes, which causes a small TEC increase. With
the time increasing and SZA becoming smaller, the
short EUV and X-ray could gradually reach lower
altitudes and product larger photo-ionizations,
which causes TEC to increase until some time
before solar radiations return to the background
level. Similar results are illustrated in the left panel
of Fig. 6. During the first 20min there is no obvious
increase at altitudes below 200 km. There is a small
increase at TAFOE20min for the altitude of
160 km and at TAFOE50min for the altitude of
120 km. The rDTEC at 120, 160, and 200 km reaches
the maximum at TAFOE70, 45, and 25min,
respectively. At the time of the flare onset, SZA is
larger around sunrise than around sunset because
the sunrise LT is 7 h before noon and the sunset LT
is only 6 h after noon. The larger SZA causes
smaller TEC increase at the initial time of a flare.
Furthermore, the SZA around sunrise decreases
gradually with time, whereas the SZA around sunset
increases gradually with time. The decreasing of
SZA with time causes TEC to increase slowly for a
long time. These two factors might be the reason for
the difference between sunrise and sunset TEC
behaviors in Fig. 7.

Fig. 8 shows the dependence of peak rDTEC on
the local time in three seasons. This peak rDTEC is
the largest value of the simulated rDTEC during the
whole period of the flare. The dotted lines indicate
the variation of SZA. We also plotted the depen-
dence of the corresponding background TEC,
TEC0, on the local time in three seasons in the
right panels of Fig. 8. The simulated results show
that, in all seasons, both in the morning and
afternoon, the absolute increase in TEC (TECf–
TEC0, not plotted) is related to the SZA. The
smaller the SZA, the more the TEC enhancement.
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This peak rDTEC is the largest simulated values of rDTEC during the whole period of flare.

H. Le et al. / Journal of Atmospheric and Solar-Terrestrial Physics 69 (2007) 1587–15981596
Their correlation is in accord with Chapman iono-
spheric theory (Rishbeth and Garriott, 1969). It is
because that the smaller the SZA, the more solar the
radiations absorbed at low altitudes which would
cause larger electron production rates. From Fig. 8
we can see that, in all seasons, the peak rDTEC in
the afternoon has an obvious negative correlation
with SZA. For the peak rDTEC in the morning,
in summer it is smaller when the SZA is larger,
whereas in equinox and winter it is larger when the
SZA is larger. Fig. 8 shows that there is a smaller
background TEC (TEC0) in the morning in equinox
and winter, and it leads to the larger relative
increase in TEC (rDTEC). An obvious feature of
the local time asymmetry to local noon occurs
during a flare in equinox and winter, with larger
rDTEC in the morning than in the afternoon as
shown in Fig. 8. Similar asymmetrical features
were also reported by Zhang and Xiao (2000,
2002). In addition, we also find that in equinox
and winter the largest rDTEC occurs at some time
early morning (e.g. 07 LT in equinox and 08LT in
winter), which is also due to the much lower
background TEC in the early morning. However,
in summer it occurs at about 12LT because the
asymmetry of the background TEC in summer is
small, not as obvious as in other seasons.

4. Concluding remarks

In this study, we have presented the ionospheric
effects associated with the solar flare that occurred
in different seasons and local times. We find that
the ionospheric response to a flare is mainly related
to solar zenith angle. The main results can be
summarized as follows:
1.
 Most of the Ne enhancements responding to a
flare occur in the E and low F regions (below
300 km). During the daytime, rDNe at low
altitudes is much larger than that at high
altitudes, with a peak at about 115 km and a
second smaller peak at about 180 km. Much
more significant increase of X-ray and short-
wavelength EUV radiation should be responsible
for the larger rDNe in the E regions. In the
daytime, there are only small changes in the
ionospheric response with season.
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2.
 Around sunrise and sunset, due to the larger
SZA, the strongest ionospheric response to the
flare lies at much higher altitudes, as high as 190,
210, and 170 km in equinox, summer, and winter,
respectively. During the daytime, the height of
the strongest ionospheric response is lowest
(about 110 km) in summer and highest (about
120 km) in winter due to the smallest SZA in
summer and the largest SZA in winter.
3.
 During daytime and around sunset the flare-
induced rDNe at low altitudes needs less time to
reach its peak than at higher altitudes, whereas
around sunrise the situation is different—that is,
the fastest response occurs at middle altitudes.
The results in equinox show that rDNe at 120,
160, 200, 240, and 280 km reaches its peak at
TAFOE70, 45, 25, 50, and 60min, respectively.
4.
 Around daytime and sunrise rDTEC increases
rapidly and reaches a peak at TAFOE18min;
however, around sunrise rDTEC increases more
slowly, with its peak at TAFOE60min. There
are two main factors that cause the difference
between sunrise and sunset TEC behavior: at the
time of flare onset, the SZA around sunrise is
larger than that around sunset; the SZA around
sunrise decreases gradually with time, whereas
the SZA around sunset increases gradually with
time.
5.
 The flare-induced rDTEC shows a local time
variation asymmetrical with respect to local
midday, especially in equinox and winter, with
a larger rDTEC in the morning than in the
afternoon due to the smaller background TEC in
the morning. Whereas in summer, it occurs at
about 12LT.
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