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[11 Solar flare enhancements to the soft X-ray (XUV) and extreme ultraviolet (EUV)
spectral irradiance depend on the location of the flare on the solar disk. Most emission
lines in the XUV region (~0.1 to ~25 nm) are optically thin and are weakly dependent on
the location of the flare, but in the EUV region (~25 to ~120 nm), many important
lines and continua are optically thick, so enhancements are relatively smaller for flares
located near the solar limb, due to absorption by the solar atmosphere. The flare irradiance
spectral model (FISM) was used to illustrate these location effects, assuming two X17
flares that are identical except that one occurs near disk center and the other near the limb.
FISM spectra of these two flares were used as solar input to the National Center for
Atmospheric Research (NCAR) thermosphere-ionosphere-mesosphere electrodynamics
general circulation model (TIME-GCM) to investigate the ionosphere/thermosphere (I/T)
response. Model simulations showed that in the £ region ionosphere, where XUV
dominates ionization, flare location does not affect I/T response. However, flare-driven
changes in the F region ionosphere, total electron content (TEC), and neutral density in the
upper thermosphere, are 2—3 times stronger for a disk-center flare than for a limb flare, due
to the importance of EUV enhancement. Flare location did not affect the timing of the
ionospheric response, but the thermospheric response was ~20 min faster for the disk-
center flare. Model simulations of I/T responses to an X17 flare on 28 October 2003 were
consistent with measurements of TEC and neutral density changes.
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thermosphere and ionosphere response, J. Geophys. Res., 115, A09311, doi:10.1029/2009JA015225.

1. Introduction

[2] Enhanced spectral emissions from solar flares take
place throughout the solar atmosphere and produce rapid
increases of X-ray (factors of 10-100) and extreme ultra-
violet (EUV) (factors of 2—10) radiation. This rapid increase
of X-ray and EUV irradiance enhances ionization in the
upper atmosphere. Ionospheric effects of solar flares, or
sudden ionospheric disturbances (SIDs), have been studied
since 1960s due to their effects on radio communications
and navigation systems. The SID phenomena, such as short
wave fadeout, sudden phase anomaly, sudden frequency
deviation, and sudden increase of TEC, were investigated
using Doppler sounding systems in the 1960s and 1970s
[Mitra, 1974; Davies, 1990]. Mendillo et al. [1974] con-
structed the first synoptic picture of ionospheric total elec-
tron content (TEC) response to a large solar flare. More
recently, real-time, high-temporal resolution (~1 min) TEC
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measurements by the ground-based GPS network have been
collected to form global TEC maps [e.g., Rideout and
Coster, 2006; Coster and Komjathy, 2008]. Studies of ter-
restrial effects of solar flares have recently extended to the
neutral atmosphere. Neutral density changes have been
obtained from accelerometer measurements of nongravita-
tional accelerations on the CHAMP satellite [Reigber et al.,
2002; Sutton et al., 2005, 2006].

[3] These observations of I/T responses to solar flares
have indicated that changes of neutral density and TEC do
not scale directly to the intensity of solar flares as classified
by their X-ray brightness. GPS observations indicated that
the mean amplitude of the TEC responses to flares depended
on the flare locations on the Sun [Zhang et al., 2002;
Afraimovich et al., 2002; Tsurutani et al., 2005; Liu et al.,
2006]. Tsurutani et al. [2006] compared GPS measure-
ments of the 28 October 2003 (X17) and 4 November 2003
(X28) solar flares; the X17 flare located near the center of
the solar disk, whereas the X28 flare was at the limb. As a
result, the TEC increase during the X17 flare was ~5 times
the TEC increase during the X28 flare. They concluded that
TEC response does not scale to EUV flare amplitude and
that this phenomenon cannot be easily understood without
fully modeling the detailed physics and chemistry of the
terrestrial effects of solar flares.
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[4] Effects of flare location on the optically thin XUV are
very different from those on most of the more optically thick
EUV that is formed lower in the solar atmosphere
[Chamberlin et al., 2008]. Understanding these effects on
I/T responses to flares is critical, since solar flares have
significant effects on satellite drag, radio communications,
and GPS navigation accuracy. Previous modeling studies
using ionospheric modeling [e.g., Meier et al., 2002; Huba
et al., 2005, Strickland et al., 2007] and including neutral
atmosphere coupling [e.g., Woods et al., 2008] were limited
by the partial coverage of the solar spectra in the X-ray and
EUV wavelengths and the lack of temporal resolution for
the flare irradiance enhancement. In this paper, we employ
a solar flare model, the flare irradiance spectral model
[Chamberlin et al., 2008] to produce two flare spectra that
differed only in their location on the solar disk. These
spectra showed how flare locations affect the intensity of
sudden increases of irradiance in the XUV, EUV, and FUV
(120-195 nm) ranges. They were then used as solar input to
the NCAR TIME-GCM [Roble and Ridley, 1994]. Model
studies were conducted to investigate flare location effects
on the I/T responses to solar flares, connections between
flare location effects on a solar spectrum and on the I/T
responses, and the underlying physical and chemical mech-
anisms that determine these effects and connections. In addi-
tion, model simulations of I/T responses to an X17 flare on
28 October 2003 were compared to CHAMP neutral density
and global GPS TEC measurements to show I/T responses
to the X17 near-center flare.

2. Model Description

2.1. FISM Solar Flare Model

[5] FISM [Chamberlin et al., 2007, 2008] is an empirical
model developed for space weather applications based
on measurements from the thermosphere-ionosphere-
mesosphere energetics and dynamics (TIMED) Solar EUV
Experiment (SEE) [Woods et al., 2005]. It estimates the
solar irradiance at wavelengths from 0.1-190 nm at 1 nm
resolution with a time cadence of 60 s. This is sufficient
temporal resolution to model variations due to solar flares, for
which few accurate measurements at these wavelengths exist.
FISM provides accurate modeling of the daily component
variations, including variations from the solar cycle and solar
rotation from 1947 until the present. FISM also includes a
flare component that estimates the solar irradiance variations
from both the impulsive and gradual phases of solar flares.
The flare component of FISM is available from the start of the
GOES X-ray Sensor (XRS) measurements in 1974 until the
present. FISM fully quantifies, on all timescales, the changes
in the solar irradiance in the wavelength range directly
affecting the planetary thermosphere and ionosphere.

[6] There are significant center-to-limb variations (CLVs)
of active regions as they rotate around the observable solar
disk [e.g., Worden et al., 2001]. Likewise, TIMED/SEE
observations showed that there were significant CLV effects
on irradiance enhancements during solar flares, and CLV
effects of the optically thin X-ray wavelengths are very
different from the optically thick EUV emissions. FISM
makes wavelength-dependent CLV corrections for enhanced
flare emissions based on these observations from TIMED/
SEE. FISM has a CLV function for each wavelength, and
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coefficients for these functions were obtained through data
fitting of 28 (M1.0-X17.4) flares observed by TIMED/SEE
from 2002—2005. These flares occurred over a wide variety
of solar activity conditions, ranging from the low middle of
the solar cycle to extreme solar maximum. Therefore, we
may consider that the FISM CLV effects are applicable to
virtually all solar activity conditions and for M and X class
flares. The details of how FISM accounts for the flare CLV
are given in the study of Chamberlin et al. [2008]. The flare
location input for FISM is determined from NOAA solar
event reports information that uses full disk solar images
provided by the GOES solar X-ray imager. Both the
longitude and the latitude are used in determining the most
accurate heliocentric angle for the CLV correction in FISM
[Chamberlin et al., 2008].

2.2. NCAR TIME-GCM

[7] The NCAR TIME-GCM is a time dependent, 3-D
model that solves the fully coupled, nonlinear, hydrody-
namic, thermodynamic, and continuity equations of the
neutral gas self-consistently with the ion energy, ion
momentum, and ion continuity equations from the upper
stratosphere to the thermosphere. It combines all previous
features of the NCAR upper atmospheric general circulation
models including a self-consistent, fully coupled thermo-
sphere and ionosphere, and electrodynamics driven by the
neutral wind circulation [Roble et al., 1988; Richmond et al.,
1992; Roble and Ridley, 1994]. The TIME-GCM calculates
global neutral winds, neutral temperatures, major and minor
neutral species composition, electron and ion densities and
temperatures, and the ionospheric dynamo electric field. It
has a horizontal resolution of 5° x 5°. The model assumes
hydrostatic equilibrium and solves equations on pressure
surfaces. The pressure interfaces are defined as lev = In(Py/P),
and P, is a reference pressure of 5 x 10~* pb. The vertical
range of the pressure interfaces is from —17 to 7. The model
has 49 pressure surfaces from ~30 to ~600 km with a vertical
resolution of one half-scale height. The external forcing for
the model is solar irradiance, either parameterized using the
Fy.7index or supplied by measurements [Solomon and Qian,
2005], auroral particle precipitation, an imposed magneto-
spheric electric field, and the amplitudes and phases of tides
from the lower atmosphere specified by the global scale wave
model [Hagan et al., 1999]. Gravity wave effects are
parameterized based on the linear saturation theory of
Lindzen [1981].

3. Data

3.1. CHAMP Neutral Density

[8] The CHAMP satellite was launched into a near-circular
orbit with an inclination of 87.3° on 15 July 2000 [Reigber
et al., 2002]. The high inclination ensures almost complete
latitudinal coverage from pole to pole. Neutral density is
obtained from accelerometer measurements of nongravita-
tional accelerations on the CHAMP satellite [Reigber et al.,
2002] using standard methods [e.g., Sutton et al., 2005,
2006]. The measured densities are normalized to a constant
altitude of 400 km using NRLMSISEOQO [Picone et al., 2002].
CHAMP neutral density data has high temporal resolution
(~30 to ~60 s) and good spatial resolution (~3° in latitude)
and, thus, are suitable for flare studies. The neutral density
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Figure 1. Enhancement of FISM solar irradiance from 0.05 to 195 nm for two identical X17 solar flares
except that one occurs near the center of solar disk and the other near the limb. The flare starts at 1720 UT
and reaches peak at 1737 UT. (a) Solar spectra before the flares (black), at peak for the center flare (red),
and at peak for the limb flare (blue). (b) Percentage increases of solar irradiance at peaks compared to the
pre-flare condition (center flare (red) and limb flare (blue)).

data from 2001018 to 2008112 are available online for public
access from the University of Colorado.

3.2. TEC From Ground-Based GPS Network

[v] Ground-based TEC measurements have been avail-
able from a global network of GPS stations on a routine
basis since at least 2001 [Rideout and Coster, 2006; Coster
and Komjathy, 2008]. The Massachusetts Institute of
Technology Automated Processing of GPS (MAPGPS)
software suite [Rideout and Coster, 2006] has been devel-
oped to calculate TEC from the network of worldwide GPS
receivers. Recently, the MAPGPS processing code was
significantly enhanced to improve error handling. Errors are
now tracked throughout the processing, and random and
correlated errors are handled separately. This allows optimal
estimation of binned measurements and allows error values
to be calculated independently for each binned measure-
ment. The bin-to-bin variability in the TEC measurements
was greatly reduced using this approach. GPS TEC data
from 2001 to 2007 have been processed using the updated
version of MAPGPS. These TEC estimates are output in
1° x 1° bins of latitude/longitude every 5 min, distributed over
those locations where data are available. These data can be
downloaded online from the Madrigal database at the Mas-
sachusetts Institute of Technology Haystack Observatory.

4. Flare Spectra

[10] FISM was used to simulate flare spectra at 1 nm and
1 min resolutions for two assumed X17 flare events. These

two simulated flares were the same except that they occurred
at different locations on the solar disk. One occurred near
the disk center (1° from the center of the solar disk), and the
other occurred near the limb (85° from the center). Simi-
larly, the same constant pre-flare and post-flare conditions
were assumed for these two flares in our analysis. The flares
started at 1720 UT and soft X-ray peaked at 1737 UT.
Figure la shows the pre-flare spectrum, peak limb flare
spectrum, and peak center flare spectrum. Solar irradiance
increased from 1 to 2 orders of magnitude in the shortest
XUV range (<16 nm), up to a few times in the rest of XUV
(1627 nm) and EUV range, and reduced to a few percent in
the longest FUV wavelengths. Percentage changes of solar
irradiance from pre-flare to flare peak for the limb and
center flares are shown in Figure 1b. In the wavelength
range short of 16 nm, there was no difference in the irra-
diance enhancement produced by the center flare and the
limb flare; between ~16 and ~27 nm, enhancement of irra-
diance by the center flare was a few percent stronger com-
pared to the limb flare. Such differences became significant
for wavelengths longer than 27 nm. The X17 center flare at
its peak provided ~50% to ~250% more solar irradiance to
the terrestrial atmosphere than the X17 limb flare did in the
EUV range (27-105 nm). Chamberlin et al. [2008] analyzed
uncertainties in FISM estimations and found that these
uncertainties were below 40% for EUV wavelengths greater
than 14 nm. Figure 1b showed that flare location effect in
the EUV range was in the order of 200% for most of the
EUV wavelengths. Therefore, flare location effect in the
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Figure 2. Profiles of ionization rates under solar medium
condition (F97 = F9.7. = 155) at solar zenith angle 45°.
Solar spectrum used for this calculation was EUVAC solar
proxy model, and the atmosphere was MSIS90 atmosphere.
Ionization rate by wavelength range 0.05-23 nm (blue); ion-
ization rate by wavelength range 23—105 nm and the
Lyman-« (red).

EUV wavelength range is significant compared to the
FISM uncertainties. This percentage differences in EUV
enhancement (CLV effects) will determine the model-
simulated, percentage differences in I/T responses to the
center flare and the limb flare. Therefore, uncertainties in
FISM estimations of the CLV effects will propagate pro-
portionally to the simulated percentage differences in I/'T
responses. As we mentioned earlier, the CLV effects were
obtained based on flares that occurred over a wide variety of
solar activity conditions, ranging from the low middle of the
solar cycle to extreme solar maximum [Chamberlin et al.,
2008], with intensities ranging from M1.0 to X17.4, we
may consider that the FISM CLV effects are applicable to
virtually all solar activity conditions and for M and X class
flares. FISM estimations of the CLV effects have been
confirmed by comparing FISM with observations of two
flares by the Solar and Heliospheric Observatory solar
extreme ultraviolet monitor. One flare was located near the
disk center (28 October 2003 at 18°) and the other near the
disk limb (4 November 2003 at 85°) [Chamberlin et al.,
2008].

[11] The two simulated FISM X17 flare spectra were used
as solar input to the TIME-GCM to investigate how flare
locations influence the I/T responses to solar flares and the
physical and chemical mechanisms that drive the responses.
In addition, FISM flare spectra for an X17 near-center flare
that occurred on 28 October 2003 were used as solar
input to the TIME-GCM to compare model-simulated I/T
responses to CHAMP neutral density and ground-based
TEC measurements.

5. Results

5.1.

[12] The most important feature shown in Figure 1 is that
XUV increases for the center flare and the limb flare were

Vertical Distribution
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nearly identical, but solar irradiance increases in the EUV
was significantly larger for the center flare compared to the
limb flare. XUV and EUV ionize the thermosphere in dif-
ferent altitude regions; this can be demonstrated using alti-
tude profiles of ionization rates by XUV and EUV radiation.
Photoionization rates given by Chapman function [Banks
and Kockarts, 1973] were calculated using an MSIS90
[Hedin, 1987, 1991] atmosphere (O, O,, and N, density)
and EUV flux model for aecronomic calculations (EUVAC)
[Richards et al., 1994] solar flux, under solar medium con-
ditions (F197 = F10.7a = 155) and at solar zenith angle 45°.
Figure 2 shows the ionization rates by solar irradiance in the
wavelength ranges of 0.05-23 nm and 23-105 nm together
with the Lyman-a (121.56 nm). XUV ionization peaks in
the E region, whereas EUV dominates ionization above
150 km. The EUV ionization profile has a second peak in
the E region; this is ionization by the Lyman-G (102.57 nm).
Given this knowledge about the ionization, we will now
examine the altitude distribution of flare location effects on
I/T responses.

[13] Figure 3 shows TIME-GCM simulated ion produc-
tion rate, ion loss rate, and electron density profiles for pre-
flare condition, at limb flare peak, and at center flare peak
(top frames), respectively. The bottom frames of Figure 3
show the percentage increases of neutral temperature, neu-
tral composition, and neutral density from pre-flare to flare
peaks. These frames show conditions in the equatorial region
(2.5°) at local noon. Ionospheric responses to solar flares
were strongest in the £ region, yet electron density in the
region was small as shown in the top frames of Figure 3.
Therefore, profiles of the ionospheric parameters are shown
in the altitude range from 90 to 200 km to show the E region
features.

[14] The top frames of Figure 3 show that the enhance-
ment of ion production, ion loss, and electron density due to
the limb flare was nearly identical to those due to the center
flare. Some small differences of electron density near the
E region peak were, however, visible, most likely due to
ionization by the Lyman-/{ (Figure 2). Flare location effects
on the enhancement of these three parameters diverge above
~120 km, with more enhanced production rate, loss rate, and
electron density for the center flare compared to the limb
flare. Since electron density in the F region is the main
contributor to TEC, the center flare should have caused
more enhanced TEC than the limb flare did.

[15] Thermospheric responses to solar flares were very
small in the lowest part of the thermosphere, and there were
no flare location effects in this altitude region; both flare
responses and flare location effects increased significantly
with altitude (Figure 3, bottom frames). This is because
neutral gas heating by solar irradiance dominates in the 150—
300 km altitude range [Roble, 1995], the region where EUV
is the main source of ionization, and the center flare had
50%~250% more enhanced EUV than the limb flare.

[16] In the lower thermosphere, NO is excited through
collisions with neutral constituents (mainly atomic oxygen).
The excited NO radiates in the infrared and cools the ther-
mosphere. NO infrared cooling at 5.3 pm is considered to be
a thermosphere thermostat and plays important role in the
thermosphere energy budget. NO is mainly produced by
reactions between excited atomic nitrogen N(*S) and N(°D)
with O,. XUV irradiance has high energy, allowing it to
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Figure 3. TIME-GCM simulated I/T responses to the X17 limb flare and X17 center flare in the equa-
torial region (2.5°) at local noon. (top frames) Ion production rates, ion loss rates, and electron density
profiles under pre-flare condition (black), at flare peak of the X17center flare (red), and at flare peak
of the X17 limb flare (blue). (bottom frames) Percentage increases of neutral temperature, O/N,, and neu-
tral density from pre-flare condition to flare peaks (center flare (red) and limb flare (blue)). FISM solar
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spectra were used as solar input for the TIME-GCM.

break the strong N, molecular bond and consequently to
produce excited atomic nitrogen atoms. XUV increases
significantly during solar flares. Therefore, NO cooling may
have a strong solar flare response, which, in turn may play
an important role in determining how the thermosphere
responds to, and recovers from, solar flares. Thus, it is
important to understand how flare location affects NO
cooling responses.

[17] Figure 4a shows NO density profiles at pre-flare,
center-flare peak, and limb-flare peak at local noon in the
equatorial region (2.5°). Peak NO density nearly doubled at
the flare peaks. Since NO is produced by XUV and there is
nearly no difference in XUV enhancement for the center
flare and the limb flare, NO enhancement was largely
identical for the center flare and the limb flare. Therefore,
flare location did not affect NO enhancement. Figure 4b
shows corresponding profiles of NO cooling rates per unit
volume. NO cooling increased nearly 60% at flare peak.
This indicates that NO cooling enhancements during the
flares were significant. It should act as thermostat for solar
flare events as well. Enhancement of NO cooling rates was
the same at lower altitudes (below 120 km) for the center
flare and the limb flare. Above 120 km, enhancement of NO
cooling became slightly larger for the center flare. This

difference was evident when the cooling rate was calculated
per unit mass as shown in Figure 4c. Mlynczak et al. [2005]
suggested that NO cooling enhancement during solar storms
is mainly determined by NO density as well as temperature.
Since NO enhancement was nearly same for the center flare
and the limb flare, the larger NO cooling per unit mass is
likely due to larger temperature increases for the center flare
compared to the limb flare (Figure 3). Differences in NO
cooling rates per unit mass at their peaks (~170 km) were
about 15%. This difference in NO cooling enhancement due
to flare location may, to some degree, reduce flare location
effects on thermospheric responses, specifically, the tem-
perature and neutral density responses in the middle ther-
mosphere (Figure 3), since more heating was partially
compensated for by more cooling for the center flare.

5.2. Variations With Time

[18] Section 5.1 showed that thermospheric responses to
solar flares mainly occur in the upper thermosphere, and
flare locations had a large effect on these responses. Figure 5
compares neutral temperature and neutral density dis-
turbances at 400 km due to the simulated X17 center and
limb flares at local noon. Enhancement of neutral tempera-
ture and density due to solar flares occurred at all latitudes;
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Figure 4. TIME-GCM simulated NO density and NO cooling responses to the X17 limb flare and X17
center flare in the equatorial region (2.5°) at local noon. (a) NO density, (b) NO cooling rate per unit vol-
ume, and (c) NO cooling rate per unit mass (pre-flare (black), at flare peak of the X17center flare (red),
and at flare peak of the X17 center flare (blue)). FISM solar spectra were used as solar input for the
TIME-GCM.

flare location effects were also seen at all latitudes. At were ~20% and ~10%, respectively. Neutral temperature
400 km, maximum increases of neutral temperature for the and neutral density reached their peak ~1.5 h after the flare
center flare and the limb flare were ~85 and ~30 K, peak. Flare locations affected this timing of peak responses;
respectively, and the corresponding neutral density increases  peak responses of neutral temperature and neutral density to
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Figure 5. Comparisons of neutral temperature and neutral density enhancement at 400 km at local noon
simulated by the TIME-GCM. FISM solar spectra were used as solar input for the TIME-GCM. (top)
Center flare and (bottom) limb flare.
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Figure 6. Variations of (a) zonal wind at 400 km, (b) meridional wind at 400 km, (c) O/N, at constant
pressure surface lev = In(Py/P) = 1.75, and (d) O/N, at 310 km, from pre-flare, through flare peak, to
3 days after the flares, simulated by the TIME-GCM in the equatorial region (2.5°) at local noon. FISM

solar spectra were used as solar input for the TIME-GCM (center flare (red) and limb flare (blue)).

the limb flare occurred ~20 min later than those to the center
flare.

[19] Figure 6 shows variations of zonal wind at 400 km,
meridional wind at 400 km, O/N, at a fixed pressure surface
(lev = In(Py/P) = 1.75) near the F, peak, and O/N, at
310 km from pre-flare, through flare peak, to 3 days after
the flares due to the X17 center flare and the X17 limb flare
in the equatorial region (2.5°N) at local noon. A height of
310 km was chosen to show O/N, at a fixed altitude since
O/N, at this altitude had a similar magnitude compared to
O/N, at the constant pressure surface lev = 1.75. Since time
series of variables at fixed geographic latitude and fixed
local time include longitudinal variations of these variables,
the time series were extended 3 days after the solar flares to
differentiate variations due to solar flares from variations
due to longitude. Heating due to solar flares set up a pres-
sure gradient. In the equatorial region, such enhancement of
pressure gradient was mainly in the zonal (day-night)
direction and negligible in the meridional direction since
there was significant enhancement of zonal wind but very
small changes in the meridional winds (Figures 6a and 6b).
Zonal wind peaked ~2.5 h after neutral temperature and
neutral density reached their peaks.

[20] Both the neutral temperature disturbances and neutral
wind disturbances can cause composition disturbances. The
composition disturbances due to these two causes can be

differentiated by their characteristics. O/N, change due to
expansion as a result of heating occurred nearly simulta-
neously with temperature increase. This composition change
was negligible on a constant pressure surface (Figure 6¢) but
was clearly shown at a fixed altitude (Figure 6d). However,
neutral wind disturbances caused much delayed composition
disturbances on a constant pressure surface that maximized
~10 h after the flare peak (Figure 6¢), and this composition
disturbance was relatively weak compared to the disturbance
at fixed altitude due to expansion.

[21] Ionospheric responses to solar flares and their CLV
effects are shown in Figure 7. Figure 7 compares time
variations of ratios of electron density, ion production, and
ion loss to their pre-flare (1720 UT) values for the center
flare and the limb flare in the equatorial region at local noon.
Enhancement of ion production, ion loss, and electron
density were the same for the center flare and the limb flare
in the £ region below pressure surface ~—3. Effects of flare
location occurred in the F region above this pressure sur-
face; near the F, peak, maximum increases of electron
density due to the center flare and the limb flare were ~50%
and ~15%, respectively.

[22] Tonospheric responses to solar flares were nearly
instant; the ion production rate responded to sudden
increases of solar XUV and EUV radiation instantly and
reached a peak only ~3 min after the flare peak; ion loss
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Figure 7. Comparisons of ratios of peak electron density, peak ion production, and peak ion loss to their
pre-flare values on pressure surfaces-UT cross section, in the equatorial region (2.5°) at local noon,
simulated by the TIME-GCM. lev = In(P,/P), where P, is a reference pressure of 5 x 10~* pb. FISM solar
spectra were used as solar input for the TIME-GCM. (top) Center flare and (bottom) limb flare.

processes reacted immediately to the increased production
and reached a peak ~20 min later. Model simulations
showed that these responses of ion production and loss to
increased XUV and EUV were the main causes of electron
density enhancement during solar flares. The responses of
ion transport processes to solar flares, including ambi-polar
diffusion, ion transport by neutral wind, ion transport due to
E x B drift, were relatively small compared to ion produc-
tion and loss effects. The peak electron density enhancement
occurred ~30 min after the flare peak. Model simulations
also showed that flare locations did not affect the timing of
peak responses of the ionospheric parameters. In addition to
this large near-instant enhancement, both production and
loss disturbance had some small disturbances that lagged
~2 days after the solar flares. These small disturbances were
feedback from disturbances of the neutral temperature
(Figure 5) and composition (Figure 6c). Thermospheric
disturbances responded and recovered much slower than the
ionospheric disturbances and caused some feedback distur-
bance to the ionosphere that was very small compared to
disturbances due to the direct responses of the ionosphere to
sudden increases of XUV and EUV; they are not evident
in Figure 7. Figure 7 demonstrates a cause-effect relation
between ion production/loss disturbances and electron den-
sity disturbances during solar flares.

5.3. Simulations and Observations of a Centrally
Located Flare

[23] An X17 flare occurred near the center of the solar
disk, at 18° off disk center, on 28 October 2003. It started

~0950 UT, underwent the most significant and fastest
increase of irradiance from ~1100 to 1110 UT, and reached a
peak at ~1110 UT. FISM flare spectra for this X17 flare were
used as input to the TIME-GCM. TIME-GCM simulated
I/T disturbances were compared to CHAMP neutral density
observations and TEC measurements made by the global
ground-based GPS network. Figure 8 shows the neutral
density comparison for both day and night. The CHAMP
ascending node was at 0105 local time, and the descending
node was at 1308 local time. Model-simulated neutral
density enhancements were slightly weaker than those
observed by CHAMP, and the model simulations and the
data showed an increase of neutral density of 30%—40%.
Neutral density enhancements on the nightside were also
evident, but there was a delay of approximately 5 h com-
pared to the dayside enhancements. This nightside distur-
bance was originated and transported from the dayside.

[24] Figure 9 compares a TEC map before the flare
(1100 UT) with one at the flare peak (1110 UT) observed
by the ground-based GPS network and simulated by the
TIME-GCM. GPS observations were insufficient in terms of
global coverage, but TEC enhancement was evident and the
TEC maps were consistent with the model simulations. TEC
difference between the flare peak and pre-flare were cal-
culated to examine TEC enhancement during the flare. In
order to remove local time variation, TEC difference between
1110 and 1100 UT from the previous day (27 October 2003)
were also calculated. This TEC difference was subtracted
from the corresponding TEC difference on 28 October 2003
to obtain flare-induced TEC enhancement. Model-simulated
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Figure 8. Comparisons of TIME-GCM simulated neutral density enhancement to CHAMP observed
neutral density enhancement responding to the X17 near-center flare occurred on 28 October 2003, during
(left) CHAMP ascending node (0105 LT) and (right) CHAMP descending node (1308 LT). The flare
started ~0950 UT and peaked at ~1110 UT. FISM solar spectra were used as solar input for the

TIME-GCM.

local time variation of TEC enhancement is consistent with
the observation, but the simulated TEC enhancement is
slightly weaker. The observed and simulated maximum
TEC enhancement for this flare was approximately 20 TEC
units and 15 TEC units, respectively.

6. Discussions and Conclusions

[25] TIMED/SEE measurements showed that effects of
center-to-limb variations (CLV) of solar flares on the opti-
cally thin X-ray were very different from those on the
optically thick EUV radiation. FISM was used to demon-
strate this wavelength dependence of the CLV effects by
assuming that two X17 flares were identical, except that one
occurred near the center of the solar disk and the other near
the limb. In the wavelength range short of ~16 nm, there
was no difference in enhancement of solar irradiance by the
center flare and the limb flare; between ~16 and ~27 nm,
enhancement of irradiance caused by the center flare was a
few percent more than that caused by the limb flare. Such
differences were significant for wavelengths longer than
27 nm. Enhancement of EUV irradiance due to the center
flare was ~50% to ~250% more compared to the limb flare.

[26] This wavelength dependence of flare location effects
influenced how the terrestrial atmosphere responded to flares
with different locations on the solar disk. In the E region,
where XUV dominates ionization, percentage responses of

the ionosphere to solar flares were largest, since XUV
enhancements during solar flares were stronger than EUV
ones. However, since flare location had little effect on XUV
enhancement during solar flares, there was nearly no abso-
lute difference in ion production, ion loss, and thus electron
density enhancement between the center flare and the limb
flare. The modeled neutral atmospheric responses to solar
flares (temperature and density) were very small in this
lowest part of the thermosphere. In addition, similarly to the
ionospheric responses, the minor species NO had the largest
flare responses, since NO is mainly produced by XUV, but
flare location had little effect on this NO enhancement.

[27] In the F region where EUV is the main source of
ionization, enhancements of ionospheric parameters was
much larger for the center flare compared to the limb flare.
The percentage increases of electron density near the F)
peak for the center flare and the limb flare were ~50% and
~15%, respectively. Thermospheric responses (temperature
and density) increased greatly with altitude and were much
stronger for the center flare. This is because neutral gas
heating by solar irradiance dominates in the 150-300 km,
the region where EUV is the main source of ionization.
In the upper thermosphere (~400 km), neutral temperature
increases due to the X17 center flare and the X17 limb
flare were approximately 85 and 30 K, respectively. The
corresponding neutral density enhancements were around
20% and 10%, respectively. In addition, the flare location
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Figure 9. Comparisons of TEC observed by ground-based GPS network and TEC simulated by the
TIME-GCM responding to the X17 near-center flare occurred on 28 October 2003. (left) GPS measure-
ments of TEC for pre-flare, flare peak, and TEC enhancement. (right) TIME-GCM simulations of TEC
for pre-flare, flare peak, and TEC enhancement. Pre-flare: ~1100 UT; flare peak: ~1110 UT. ATEC
equals to TEC difference between 1110 and 1100 UT on 28 October 2003 minus TEC difference between
1110 and 1100 UT on 27 October 2003. FISM solar spectra were used as solar input for the TIME-GCM.

1 TEC unit is 10'? electrons/cm?.

effect on temperature enhancement likely propagated to NO
cooling and caused about 15% more NO cooling per unit
mass at its peak altitude (~170 km) for the center flare.
Space weather implications of solar flares, such as satellite
drag, radio communications, as well as accuracy of the GPS,
are related to neutral density in the upper thermosphere,
electron density in the F region, and TEC. These parameters
are determined by F region and upper thermosphere con-
ditions where flare locations have large effects on I/T
responses; therefore, flare location is an important factor in
determining space weather consequences of flare effects.
[28] Ionospheric responses to the solar flares were nearly
instant and there was no difference in the timing of peak
responses between the center flare and the limb flare. Ton
production reached a peak about 3 min after solar XUV and
EUV radiation reached their peaks, and electron density then
reached a peak about 25 min later. The main causes of the
ionospheric disturbances were ion production and ion loss.
Contributions by electron transport processes were relatively
weak. The neutral atmosphere responded to enhanced
heating due to enhanced ionization; neutral atmosphere
properties, including temperature, composition, and neutral
density, reached peaks more than 1 h after the electron

density peak. Neutral dynamics then responded to neutral
atmosphere heating; neutral wind disturbances were mainly
in the day-night zonal direction; and the neutral wind
peaked about 2.5 h later. This wind disturbance caused
composition changes on a constant pressure surface that
were much weaker and much more delayed than the com-
position changes at a constant altitude that were due to
heating/expansion. Neutral temperature and composition
disturbances then fed back to the ionosphere and caused
some small and lagging disturbances in ion production, ion
loss, and thus small electron density disturbance extending
more than 1 day after the solar flares. Unlike their iono-
spheric counterparts, flare locations affected the timing of
the peak responses of the neutral atmosphere, and neutral
atmospheric responses to the limb flare peaked about 20 min
later than those to the center flare.

[29] In this study, we assumed that two X17 flares
occurred with the only difference between them being their
locations on the solar disk and investigated the flare location
effect on I/T responses and their space weather implications.
The next step to advancing our understanding of solar flare
effects on the terrestrial atmosphere is to investigate how the
thermosphere and ionosphere respond to solar flares with
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same locations and same intensities but with differences in
other characteristics such as flare rising time and duration.
Both data analysis and model studies will be needed for
such investigations, and model-data comparisons can be
made more extensive by including more flare events and
more specific I/T phenomena that result from sudden
increases of electron density, heating, and subsequent
dynamical changes during a solar flare, such as traveling
ionospheric disturbances and equatorial spread F in the
post-sunset sector.
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