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[1] Global ionospheric models typically rely on parameterizations to account for
heating of the plasma by photoelectrons. We compare the most commonly used
parameterization to a rigorous photoelectron model and find the parameterization
under-predicts the thermal electron volume heating rate by 20–30% under nominal
solar conditions. When applied to a large solar flare, the parameterized heating rate
is more than an order of magnitude smaller than the peak rate calculated with the
physical model. To remedy this, we develop a new parameterization of electron
heating that eliminates these differences; the resulting heating rates are within 5–15%
of the physical model for nominal and solar flare conditions. The new algorithm
is incorporated into a 1-D Global Average Ionosphere/Thermosphere (GAIT) model
and used to investigate the response to the X17 flare of 28 October 2003. Electron
temperatures calculated with the new parameterization are up to 10% higher prior
to the flare, and 15% higher at the flare peak. The revised parameterization also leads
to a 2% increase in neutral exospheric temperatures in the coupled model. The flare
response of the global-average thermosphere is described and found to be similar
to the satellite drag results reported by Sutton et al.
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1. Introduction

[2] Photoionization of the neutral atmosphere liberates
electrons, with photon energy in excess of the ionization
threshold going into the kinetic energy of these newly
formed ‘‘photoelectrons’’. In the ionosphere, photoelectrons
are distinguished from the ambient, thermal electrons that
make up the bulk of the population. Given their large kinetic
energies, collisions between photoelectrons and other atmo-
spheric constituents are responsible for many important
effects, including secondary photoionization, excitation
leading to airglow emission, and the focus of this work –
heating of the ambient, thermal electron population.
[3] The ambient ionospheric electrons are heated primar-

ily through collisions with photoelectrons, although quench-
ing of N(2D) can provide 30–40% of the local heating rate
in the F2 region [Richards, 1986]. This makes specification
of the photoelectron heating rate fundamental to calculating
the thermal electron temperature. The electron temperature,
in turn, plays a key role in determining the structure of the
ionosphere through the plasma scale height and temperature
dependent chemical reaction rates. In order to calculate the

temperature, the electron volume heating rate must be
specified, which requires a description of the photoelectron
flux. Some models explicitly solve for the photoelectron
flux, using either a full transport solution [Nagy and Banks,
1970] or a more simple local approximation [Richards and
Torr, 1983]; however, most ionospheric models, particularly
coupled global circulation models (GCMs), rely on param-
eterizations to specify the electron heating rate.
[4] Parameterizations of photoelectron effects, such as

secondary ionization and electron heating, are widely used
in ionospheric and coupled ionosphere/thermosphere models
because they eliminate the computational overhead required
to rigorously calculate the photoelectron flux. Recently,
Solomon and Qian [2005] updated the parameterization of
secondary ionization, improving upon the earlier work of
Richards and Torr [1988]; however, the most widely used
parameterization of electron heating is over 30 years old
[Swartz and Nisbet, 1972].
[5] In the years since Swartz and Nisbet [1972] devel-

oped their parameterization of the electron volume heating
rate, our understanding of the solar XUV (0.1–10 nm) and
EUV (10–121 nm) irradiance has improved, as well as the
specification of key electron impact cross-sections. Given
these changes, the original Swartz and Nisbet (S&N) pa-
rameterization no longer provides the best approximation of
full physics model calculations. At the same time, the space
weather community has recently devoted more effort to
modeling the effect of solar flares [Meier et al., 2002; Huba
et al., 2005; Smithtro et al., 2006; Le et al., 2007]. Solar
flares alter the spectral shape of the input solar irradiance,
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violating a fundamental assumption of the S&N approach,
which leads to large errors in the parameterized electron
heating rate. The purpose of the present work is to develop
new parameterizations of the electron volume heating that
correct both of these issues.
[6] In section 2, we develop two new parameterizations

of the thermal electron volume heating rate. The first is a
simple recalibration of the original S&N approach; it cor-
rects the offset between S&N and full physics calculations,
but does not eliminate fundamental differences that arise
when modeling solar flares. In the second parameterization,
we develop a new technique that accounts for the energy
content of the input solar irradiance and is therefore able to
accurately treat flare and nonflare conditions. We show both
of the new parameterizations offer improvement over the
current one.
[7] In section 3, the new parameterization is used in

conjunction with a 1-D Global Average Ionosphere/Ther-
mosphere (GAIT) model [Smithtro and Sojka, 2005] to
simulate and explore the response to a large solar flare on
28 October 2003. We also compare the GAIT results to
those of Sutton et al. [2006], who used accelerometer data
from the CHAMP and GRACE satellites to characterize the
neutral density response to the same flare.

2. Thermal Electron Volume Heating Rate

[8] The thermal electron volume heating rate, Q(eV
cm�3 s�1), is found by convolving the photoelectron flux,
f (eV�1 cm�2 s�1), with the loss function, L(eV cm2), and
electron density, ne (cm

�3), over energy. A standard form of
the expression, described by Schunk and Nagy [1978],
consists of three terms,

Q ¼
Z Et

0

E � 3kTe=2ð ÞS dE þ ne

Z 1

Et

L Eð Þf Eð ÞdE

þ Et � 3kTe=2ð ÞneL Etð Þf Etð Þ ð1Þ

The first term accounts for the production of electrons, S
(eV�1 cm�3 s�1), directly into the thermal population,
where Et identifies the transition energy between the
thermal- and photo-electron distributions. The second and
third terms represent the heating due to photoelectrons with
energies greater than and equal to Et respectively. Swartz et
al. [1971] provide an analytic form of the loss function,
L(E), that accounts for both quantum mechanical effects and
Cerenkov plasma wave emission.
[9] Below �300 km, photoelectron loss through the

energy cascade occurs locally and the effects of transport
can be largely ignored. In this ‘‘local’’ regime nearly all of
the photoelectron energy is deposited into either the electron
or neutral gases and therefore parameterizations of Q are
governed by-production (ionization rate), loss (neutral den-
sity), and ne. This is the approach introduced by Swartz and
Nisbet [1972] and described in section 2.1 below.
[10] At higher altitudes, local production and loss pro-

cesses become less important and transport effects begin to
dominate. In the limit of no production or loss, the energy
content of the photoelectron flux is a constant determined
by ‘‘nonlocal’’ production at lower altitudes (and from the
conjugate magnetic hemisphere). In this regime it is conve-

nient to approximate equation (1) in terms of the photo-
electron energy input per thermal electron, q (eV s�1),

Q ¼ neq: ð2Þ

Because q depends on photoelectron production at low
altitudes, local parameterizations based on the photoioniza-
tion rate can be extended into the transport dominated
regime, but their performance rapidly diminishes. An
alternative technique is described in section 2.5.
[11] The parameterizations developed in this paper are

derived from full physics calculations made using the
GLOW model [Solomon et al., 1988; Solomon and Abreu,
1989]. GLOW solves for the photoelectron flux and the
resultant effects, including airglow emission, secondary
ionization, and electron volume heating, as a function of
altitude, location, and time. The model relies on the estab-
lished two-stream approach [Nagy and Banks, 1970] to treat
photoelectron transport, averaging the electrons over pitch
angle into simple upward and downward motion along the
imposed magnetic field. The flux is computed on a variable
energy grid, using a step size of 0.1 eV up to 5 eV, 0.5 eV
from 5 to 10 eV, and a logarithmically increasing spacing
thereafter.
[12] Internally, GLOW relies on several empirical models

to specify the solar irradiance, neutral and plasma concen-
tration and temperature. The irradiance is specified at 1-nm
resolution (with higher resolution below 5 nm) using the
Hinteregger et al. [1981] model, scaled below 20 nm to
match the results of Richards et al. [1994]. Neutral concen-
trations and temperature are given by the NRLMSISE-00
model [Picone et al., 2002], while ionospheric quantities are
given by the International Reference Ionosphere (IRI)
[Bilitza et al., 1993]. In order to treat solar flares, the
standard irradiance model is replaced by the Flare Irradiance
Spectral Model (FISM) described in section 3.1 and plasma
concentrations are calculated self-consistently, assuming
simple photo-chemical equilibrium, up to 200 km. A more
detailed description of the GLOW model is given by Bailey
et al. [2002].

2.1. Swartz and Nisbet (S&N) Parameterization

[13] The original Swartz and Nisbet [1972] parameteriza-
tion of the thermal electron volume heating rate (Q) is
determined simply by the product of the local photoioniza-
tion rate (P) and a thermal electron heating efficiency (h�i),

Q ¼ �h iPionization: ð3Þ

The heating efficiency, which has units of eV, is specified by a
fourth order polynomial fit to a local deposition parameter,

�h i ¼ Exp
X
i

ci LogeR
*

� �i

" #
; ð4Þ

where the summation is from i = 0 to 4 and the coefficients
(ci) are given in Table 1. The deposition parameter is a
measure of the electron to neutral concentration

R* 
 ne

N2½ � þ O2½ � þ 0:1 O½ � : ð5Þ
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R* is proportional to ne because the transfer of energy goes as
the thermal electron concentration, per equation (1). Inelastic
collisions with neutrals reduce the available photoelectron
energy flux; therefore, R* is inversely proportional to the
neutral concentration. Swartz and Nisbet [1972] weighted the
concentration of atomic oxygen by a factor of 0.1 in order to
‘‘reduce sensitivity to the relative concentration’’. The new
parameterizations introduced later in this paper do not follow
this convention, which is why the S&N deposition parameter
is shown with an asterisk.
[14] Comparisons between the S&N parameterization of

h�i and that calculated using the physical GLOW model are
shown in the top panel of Figure 1. The polynomial fit is
depicted with a solid line as a function of R*. Swartz and
Nisbet [1972] performed their fit over a range of R* = 4 
10�7 to 3  10�3, identified by two dashed lines, which
corresponds to an altitude range of 120 km to �325 km,
depending on the level of solar activity.We compared GLOW
to S&N over a wide range of geo-physical conditions by
varying the level of solar activity (via F10.7), solar zenith
angle, and magnetic dip angle. The deposition parameter
does a good job of ordering h�i, such that all of the GLOW
results roughly overlap; therefore, only four are shown in the
figure, each using a different symbol. Table 2 identifies the
symbols and the corresponding geo-physical conditions.
[15] Compared to the GLOW calculation, the S&N fit is

generally too low, particularly for R* less than�10�5, which
corresponds to altitudes less than �200 km. This is due, in
part, to an improved understanding of the short-wavelength
solar irradiance since the fit was created, which has led to an
accepted doubling of the photon flux below 25 nm [Richards
and Torr, 1984; Richards et al., 2006]. Increasing the relative
flux of high-energy photons provides more energy for heat-
ing per causative ionization. Better modeling of the photo-
electrons and updated cross-sections also play a role in the
differences observed within the nominal fit range.
[16] The effect of solar zenith angle is evident in the

GLOW results; at R* = 10�6, calculations of h�i
corresponding to high zenith angles (diamond symbols)
exceed all others. At high zenith angle photons must pass
through more atmosphere to reach the same R* value (i.e.,
altitude). Given the wavelength dependence of photo-
absorption cross-sections, additional optical depth increases
the relative fraction of high-energy photons, and thus the
heating per causative ionization. The importance of the
spectral weight in determining the heating rate hints at
the ultimate inability of the S&N approach to correctly
model solar flare input.

2.2. Simple Parameterization of Electron Heating

[17] Gross deviations between the S&N parameterization
and GLOW results can be largely eliminated through a
revised fit. In this new simple fit, a sixth order polynomial is

used to expand the range of applicability, and the deposition
parameter is now defined using the proper ratio,

R 
 ne

N2½ � þ O2½ � þ O½ � : ð6Þ

As before, h�i is calculated via equation (4), where the
summation is now from i = 0 to 6 and R replaces R*; the
heating rate follows from equation (3). Coefficients for
the simple fit are listed in Table 1.
[18] The bottom panel of Figure 1 compares the simple fit

to GLOW calculations for the same conditions as used
previously and listed in Table 2. Unlike the previous S&N
parameterization, the new fit mirrors the GLOW results

Table 1. Coefficients Used in Three Parameterizations of Electron Heating, See Equation (4)

C0 C1 C2 C3 C4 C5 C6

Original S&N parameterization �1.275E+01 �6.941E+00 �1.166E+00 �8.034E-02 �1.996E-03
New simple parameterization 5.342E+00 1.056E+00 �4.392E-02 �5.900E-02 �9.346E-03 �5.755E-04 �1.249E-05
New full parameterization

0–55 nm 1.468E+00 9.229E-01 4.956E-02 �1.897E-02 �3.934E-03 �2.643E-04 �5.980E-06
55–105 nm 1.020E+00 1.540E-02 �6.858E-03 �8.528E-03 �2.052E-03 �1.634E-04 �4.314E-06

Figure 1. Thermal electron heating efficiency, h�i, for
photons in the range 0–105 nm, as a function of the local
deposition parameter. Symbols correspond to different
geophysical conditions, described in the text. The solid
line represents the polynomial fit created by Swartz and
Nisbet [1972] (top) and the simple parameterization
(bottom) described in this paper.
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between R � 3  10�8 (�100 km) and R � 10 (> 750 km).
At high altitudes (R > 10�2) photoelectron fluxes are
dominated by transport rather than local production and
loss, and electron heating in this regime is more accurately
treated by a nonlocal technique described in section 2.5.
However, some users may wish to employ only one method
throughout the ionosphere, and for that reason the simple fit
is extended to R = 10, well into the transport regime. As
seen in Figure 1, GLOW calculations of h�i vary signifi-
cantly for R > 10�2, complicating the simple fit. However,
at these altitudes the electron temperature is determined
primarily by heat conducted from the plasmasphere, which
mitigates uncertainty in the parameterized heating rate.
[19] Although the simple fit eliminates the major offset

between the S&N parameterization and GLOW, it retains
the same inherent flaw of the original – an underlying
assumption regarding the shape of the input solar spectrum.
Dramatic changes to this shape, such as during a flare, will
inevitably lead to errors in the calculated electron heating
rate. The solution is to account for the energy content of the
incoming photons.

2.3. Full Parameterization of Electron Heating

[20] The parameterizations described in sections 2.1 and
2.2 cannot adequately model solar flares or large zenith
angles because they assume a specific shape for the input
solar spectrum. The brute-force solution to this problem is
to treat all photon bins individually, generating a fit similar
to that shown in Figure 1 for each bin. However, this
approach is unwieldy and inappropriate for use in global
circulation models. Fortunately a simpler, more efficient
approach works equally well.
[21] Development of the full parameterization began by

using the GLOW model to generate a series of figures
similar to Figure 1, but specific to individual wavelength
bins. The GLOW model contains 107 wavelength bins
between 0.1 nm and 105 nm. In turn, the flux in all but
one bin was zeroed and the resulting electron heating rate
used to calculate h�i as function of R. Not surprisingly, the
shapes of the resulting curves depended on the average
photon energy of the bin, and similar patterns emerged for
adjacent bins.
[22] Through an iterative process of trial and error in-

volving the final parameterization, photon bins were
grouped by similarity of the h�i/R curves and their impor-
tance to the overall electron heating rate. Ultimately the full
wavelength range was divided into two broad bands: 0–55
nm and 55–105 nm. Figure 2 depicts the relative contribu-
tion of these two bands to the total electron volume heating
rate, under nominal solar quiet conditions (F10.7 = 70,
overhead sun). As expected, the most energetic photons
dominate the overall heating rate. At the peak (5  103 eV
cm�3 s�1, 140 km), the 0–55 nm band represents 85% of
the total heating rate. Photons at these short wavelengths

also experience the greatest variation during a solar flare.
Given its importance, parameterization of the 0–55 nm
band demands the most attention.
[23] As mentioned above, the two broad wavelength

bands were selected in large part based on the similarity
of individual h�i/R curves. Within the range 0–55 nm,
individual h�i/R curves share the same shape, but are offset
according to the average photon energy in the bin. This
reflects the fact that the greater the energy of the initial
photon, the greater the energy of the primary photoelectron,
and the greater the number of low energy secondary
electrons it produces as it cascades to lower energies. These
low energy secondary electrons eventually heat the thermal
electron gas.
[24] Normalization of the individual h�i/R curves by the

average photon energy aligns all of the curves. The nor-
malized curves are remarkably similar, particularly in the
local regime where transport is negligible. As transport
effects become important (R > 10�2) the curves separate,
reflecting the importance of kinetic energy to photoelectron
escape; however, the separation is no greater than that found
for different geo-physical conditions.
[25] Convergence of the normalized curves suggests one

fit is appropriate over the full range of 0–55 nm. To
generate a fit, the GLOW model was used to compute the
normalized heating efficiency, h�̂i, under a variety of
geophysical conditions. The results of these runs are shown
in the top panel of Figure 3, along with a solid line depicting
the sixth-order polynomial fit to the results. Coefficients of
the fit are given in Table 1. As was the case in Figure 1, only
a subset of the GLOW results is shown, with the symbols
identified in Table 2. Once again, the largest variation
occurs in the transport regime (R > 10�2) and a conservative

Table 2. Geophysical Conditions Represented in Figures 1 and 3

Symbol F10.7 Zenith Angle Dip Angle

Cross 70 0� 23�
Triangle 70 10� 42�
Square 150 40� 72�
Diamond 220 85� 23�

Figure 2. Nominal thermal electron volume heating rate
(eV/cm3-s) as a function of altitude (solid); also shown are
the contributions to this heating rate from photons in the
range 55–105 nm (dotted), and 0–55 nm (dashed).
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fit was enforced; an alternative method to treat the transport
regime is described in section 2.5.
[26] It is interesting to note that the additional normali-

zation step eliminates the high zenith angle deviation
described earlier. In Figure 1, we found that at R = 10�6

the h�i calculated at high zenith angle (diamond symbols)
exceeded all others due to a local increase in the average
photon energy. Having normalized for photon energy, the
results in Figure 3 no longer display this deviation.
[27] Parameterization of the electron volume heating rate

due to photons in the range 0–55 nm (Q0–55nm) proceeds by
tabulating a running sum of the photoionization rate (Pi)
times the average photon energy (�i), while iterating over
wavelength bins, i. This sum is multiplied by h�̂i, obtained
from equation (4), to give the local heating rate,

Q0�55nm ¼ �̂h i
X
i

Pi�i: ð7Þ

Most ionospheric models use some form of the 37-bin
scheme introduced by Torr et al. [1979] to represent the
solar irradiance, although Solomon and Qian [2005]
recently developed a 22-bin scheme that better reproduces

high-resolution calculations. The specific scheme is irrele-
vant to this parameterization; the only requirement is the
average photon energy per bin, �i. For convenience, flux-
weighted average energies are listed in Table 3 for both 37-
and 22-bin schemes. Average energies are only provided up
to 55 nm, as required by the parameterization.
[28] The total electron volume heating rate is the sum of

Q0�55nm and the contribution from longer wavelengths.
However, photons between 55 and 105 nm account for
only �15% of the net heating rate, and these wavelengths
experience significantly less enhancement during solar
flares. For these reasons, parameterization of the heating
due to longer wavelengths proceeds using the original
method, equation (3). Once again, the GLOW model was
run for a variety of geo-physical conditions and the heating
efficiency computed as a function of R. A subset of the
results is shown in the bottom panel of Figure 3, using the
symbols identified in Table 2. A fit to the data is depicted
with a solid line; the fit coefficients are listed in Table 1.
[29] The full parameterization of the electron volume

heating rate is simply

QTotal ¼ Q0�55nm þ Q55�105nm; ð8Þ

where Q0–55nm is found using equation (7) and Q55–105nm is
found via equation (3).

2.4. Validation of the Electron Heating
Parameterization

[30] In Figure 4, the three parameterizations described
above are validated against electron volume heating rates
calculated with the GLOW model. Different line-styles
identify the GLOW model (solid), S&N parameterization
(dotted), simple parameterization (dash-dot), and full
parameterization (dashed). The four panels of the figure
represent different levels of solar activity and zenith angle
(c): panel (a) – F10.7 = 70, c = 0�; panel (b) – F10.7 =
220, c = 0�; panel (c) – F10.7 = 150, c = 85�; panel (d) –
X17 solar flare, c = 25�. In order to generate the results
shown in panel (d), the standard GLOW representation of
solar irradiance was replaced by the Flare Irradiance Spectral
Model described in section 3.1 below. Panel (d) also zooms

Figure 3. (top) Normalized thermal electron heating
efficiency, h�̂i, as a function of the deposition parameter,
for photons in the range 0–55 nm. (bottom) The heating
efficiency, h�i, for photons in the range 55–105 nm.
Symbols correspond to different geophysical conditions,
described in the text. The solid lines represent polynomial
fits used in the parameterization.

Table 3. Average Photon Energies (�) Used in the Full

Parameterization are Given for Two Common Bin Schemes

37-Bin Torr et al. [1979] 22-Bin Solomon and Qian [2005]
Wavelength, nm Energy, eV Wavelength, nm Energy, eV

5–10 169.4 0.05–0.4 4658
10–15 99.07 0.4–0.8 2325
15–20 69.43 0.8–1.8 1119
20–25 54.50 1.8–3.2 442.6
25.63 48.37 3.2–7.0 216.0
28.42 43.63 7.0–15.5 125.9
25–30 45.93 15.5–22.4 68.00
30.33 40.88 22.4–29.0 48.97
30.34 40.81 29.0–32.0 40.74
30–35 37.38 32.0–54.0 30.44
36.81 33.68
35–40 34.22
40–45 29.62
46.52 26.65
45–50 25.38
50–55 23.69
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in to a range of 90-200 km in order to highlight low altitude
differences.
[31] It is immediately apparent from Figure 4 that the

original S&N parameterization of electron heating is too
small as compared to the GLOW results. Over the range of
normal solar cycle behavior described by Figures 4a–4c,
peak heating rates calculated using the S&N parameteriza-
tion are 20–30% lower than those computed by GLOW;
this same difference also applies to the height-integrated
rate. Above the peak, heating rates frequently differ by an
order of magnitude; this is largely due to the limited fit
range of the S&N parameterization. Beyond R* = 3  10�3

(roughly 325 km) the fit is invalid and h�i is held constant at
its maximum value, which handicaps the parameterization.
More significant is the difference shown in Figure 4d for
X17 solar flare conditions. In this case the maximum
heating rate at 110 km is more than an order of magnitude
smaller than the GLOW result.
[32] The new parameterizations performed better than

S&N under normal solar cycle conditions. For low solar
zenith angles, the simple parameterization fell within 5% of
the peak GLOW heating rates and 5–15% for height
integrated rates. At very large zenith angles the differences

increased to near 20% in some cases. As expected, perfor-
mance was poorer during the large flare, with the peak
heating rate lower by a factor of four. The full parameter-
ization matched full GLOW calculations to within 5% for
low solar zenith angles. In the case of high solar zenith
angle and the X17 flare, the rates were within 10–15% of
GLOW. Of the three, only the full parameterization was able
to accurately treat the flare case.
[33] The results described in Figure 4 were all generated

using photoionization rates calculated at high-resolution,
with 107 bins covering the wavelength range 0.1 nm to
105 nm. However, for computational efficiency, most iono-
spheric models rely on substantially fewer bins. It is
therefore reasonable to ask whether the full parameteriza-
tion works as well at low resolution. Although not shown in
the figure, we tested the full parameterization using standard
37-bin [Torr et al., 1979] and 22-bin [Solomon and Qian,
2005] schemes. Under normal solar cycle conditions, both
low-resolution schemes matched the higher resolution to
within less than a percent. In the case of the X17 flare, the
22-bin parameterization was within 15% of the peak and
integrated GLOW result, equivalent to the high-resolution
version. The 37-bin parameterization did not perform as

Figure 4. Electron volume heating rate (eV/cm3-s) calculated using four different methods and
conditions. Line styles correspond to the GLOW model (solid), the parameterization of Swartz and Nisbet
[1972] (dotted), a simple update to the original parameterization (dash-dot), and the full parameterization
described in the text (dashed). Geophysical conditions span F10.7 = 70, 150, 220, and X17 flare; solar
zenith angles range from c = 0�, 25�, to 85�.
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well, missing the peak value by nearly a factor of four and
the integrated rate by a factor of two; however, the 37-bin
scheme only includes photons down to 5 nm, missing much
of the flare-enhanced flux, whereas the standard 22-bin
scheme contains five bins below 5 nm. If these five short-
wavelength bins are included to create a 37 + 5 scheme, the
peak flare heating rates again mimic the 22-bin and high-
resolution performance.
[34] Above 400 km, the simple and full parameterizations

track GLOW better during solar maximum than solar
minimum because the onset of transport effects shifts to
higher altitudes with the expansion of the thermosphere.
The fits depicted in Figures 1 and 3 only conservatively
estimate the heating efficiency in the transport regime, due
to a strong dependence on dip angle and geo-physical
conditions, and are only valid up to R = 10. The transition
between local and transport regimes is governed by the
neutral gas concentration, which is a function of solar
activity; therefore, at solar maximum local parameteriza-
tions continue to perform well to higher altitudes than solar
minimum.

2.5. Parameterization in the Transport Regime

[35] The description of Figures 1 and 3 recognized a
transition from a low-altitude regime, where local produc-
tion and loss dominate the photoelectron solution, to a high-
altitude regime dominated by transport. In the transport
regime the photoelectron flux, and therefore the heating
efficiency, depends strongly on nonlocal factors, which
hinders simple local fits to R. An alternative approach to
dealing with this regime has been described by Nisbet
[1968] and Bauer et al. [1970] and a brief summary is
included here for completeness. Note: in this regime, heat
conducted from the plasmasphere typically plays a more
important role in determining the electron temperature than
photoelectron heating.
[36] If we assume photoelectron production and loss is

negligible in the transport regime, the steady state photo-
electron flux within a magnetic flux tube is constant. Then,
by equation (2), the thermal electron heating rate, Q,
depends solely on local electron density, and the photoelec-
tron energy input per thermal electron, q, which is constant.
However, while it is reasonable to neglect collisions with
neutrals at high altitudes, the transfer of energy to thermal
electrons reduces q and cannot be ignored over large
distances. Following the approach of Nisbet [1968] and
Bauer et al. [1970], the available photoelectron energy is
treated as an exponentially decreasing function of the path
integrated electron density,

q siþ1ð Þ ¼ q sið Þ exp �s
Z siþ1

si

neds
0

� �
: ð9Þ

A range of values for s are given in the literature based on
the geo-physical conditions under investigation; Nisbet
[1968] found numbers ranging from 6.95  10�14 cm2 to
9.58  10�14 cm2, while Bauer et al. [1970] used 6.5 
10�14 cm2. On the basis of comparisons with the GLOW
model we have selected a value of s = 7  10�14 cm2.
[37] Equation (9) requires an initial value, qo, given by

one of the local parameterizations described previously, and
therefore involves a transition between the two approaches.

The transition height must be high enough to reasonably
neglect neutral collisions and photoelectron production, yet
low enough for the local parameterization to generate a
realistic qo. Given the inherent dependence on neutral
density, the height is best determined in pressure coordi-
nates, which accounts for expansion and contraction of the
atmosphere with solar activity. The pressure coordinate Z
was defined by Roble et al. [1987] as Z = Loge[Po/P] where
P is the pressure, and Po = 50 mPa. We have found that a
transition height of Z = 3.5 (1.5 mPa) produces the best
agreement with GLOW calculations; this corresponds to an
altitude of 350–550 km, depending on the level of solar
activity.
[38] In practice, calculation of the electron volume heat-

ing rate proceeds while iterating upward in height, or along
a magnetic field line. For all grid points below the transition
height, the full parameterization is recommended. Above
this height, the parameterization can transition to the trans-
port approach described above. In this case, equation (2) is
used to calculate the energy input per electron, qo. Iteration
then continues to higher altitudes, applying equation (9) to
account for the reduction of available photoelectron energy.
The new value of q is used to calculate the thermal electron
volume heating rate, and the iteration continues. If the
model extends to altitudes much above 1000 km, equation
(2) should be modified to account for expansion of the
magnetic flux tube with height, which effectively reduces
the photoelectron flux [Bauer et al., 1970]. This is accom-
plished by scaling q by the ratio of magnetic field strength,
B(si)/B(so).
[39] Transitioning from the full parameterization to the

transport approach does not significantly alter the height-
integrated electron heating rate, because the integrated
quantity is dominated by the maximum, which lies below
the transition height. Integrated heating rates (95 to 950 km)
calculated using the full parameterization at all heights
versus those with a transition to the transport approach
differ by less than 1% for an overhead sun (c = 0�).
Although the transport approach does not significantly alter
the integrated heating rate, it more closely reproduces the
GLOW results at high altitudes, particularly for solar
minimum conditions. For example, at 950 km (F10.7 =
70, c = 0�) the heating rate calculated using the transport
approach differed from GLOW by less than 25%, while the
full parameterization was too low by a factor of 40.
[40] Because the local parameterizations were conserva-

tively fit to values of R = 10 (see Figures 1 and 3), they
work reasonably well even into the transport regime. For
this reason, the additional effort required to use the transport
approach is probably only warranted in models that extend
well into the topside ionosphere and plasmasphere. If used
in conjunction with an interhemispheric ionospheric model,
the transport approach can approximate the effects of
electron heating due to photoelectrons from the conjugate
hemisphere. The parameterization begins in one hemisphere
as described above and continues along the field line to the
base of conjugate hemisphere. The process is then repeated
in reverse and the two contributions summed to give the
total heating rate along the field line. This technique will
overestimate the total heating rate in the low-altitude, local
regions because equation (9) does not account for collisions
between photoelectrons and the neutral gas; however the
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error is less than 1% at the height of peak heating during
daylight. Relative errors increase if one hemisphere is dark
and the other sunlit, since transport would provide the only
contribution in the dark hemisphere. Including neutral gas
effects in equation (9) would reduce this error.

3. Simulated Response of Coupled Ionosphere/
Thermosphere

3.1. Model Description

[41] A 1-D Global Average Ionosphere/Thermosphere
(GAIT) model developed by Smithtro and Sojka [2005] is
used to assess the impact of the revised electron heating rate
parameterization on the thermosphere and ionosphere. In
particular, the model is used to explore the response of the
electron and neutral temperatures to a large solar x-ray flare
on 28 October 2003.
[42] The GAIT model self-consistently solves the coupled

continuity, momentum, and energy equations in 1-D. In
addition to the three major neutral species (N2, O2, and O),
GAIT includes nine minor neutrals important to the global
energy budget. The ionospheric component of GAIT
includes seven ions and assumes quasi-neutrality to obtain
the electron concentration; O+(4S) and N+ are subject to
transport, while the remaining ions, O2

+, NO+, N2
+, O+(2D),

and O+(2P), are assumed to be in photochemical equilibrium.
The neutral, ion, and electron temperatures are rigorously
calculated at all altitudes by directly accounting for all
relevant heating and cooling processes [Smithtro and Sojka,
2005]. Specification of the thermosphere/ionosphere system
begins with the calculation of global-average photoioniza-
tion and dissociation rates due to solar photons between 0
and 360 nm. The model then proceeds to solve all of the
coupled equations iteratively until a steady state solution is
reached.
[43] To support the work of this paper, a number of

changes were made to the original model described by

Smithtro and Sojka [2005]. The flux of XUV and EUV
photons are now specified by the Flare Irradiance Spectral
Model (version 1.0) [Chamberlin et al., 2007; Chamberlin
et al., 2008], which uses a combination of proxies, includ-
ing the 10.7 cm radio (F10.7) and GOES x-ray flux, to
determine the solar irradiance at 1-nm resolution and 1-min
cadence. In order to ingest the FISM specification into
GAIT, the 1-nm resolution data are redistributed into 22
bins in accordance with the scheme described by Solomon
and Qian [2005].
[44] Unlike the older Hinteregger et al. [1981] and

Richards et al. [1994] models, FISM was derived from
recent measurements made by the Solar EUV Experiment
(SEE) sensor, calibration version 9, on the TIMED satellite
[Woods et al., 1998]. Most other solar irradiance models
also rely solely on daily proxies such as F10.7 and are thus
unable to reflect solar flares variations. As a work-around,
ionospheric modeling efforts have typically scaled the input
irradiance using a proxy such as GOES soft x-rays based on
the limited available measurements [Smithtro et al., 2006].
FISM, on the other hand, provides a more robust estimate of
irradiance increases during flares, using the Neupert effect
to drive EUVenhancements with GOES soft x-ray measure-
ments and solar flare location to account for center-to-limb
variations [Chamberlin et al., 2008].
[45] Another change to GAIT includes the treatment of

photoelectron effects. Secondary ionization and dissociation
by photoelectrons is now calculated using the parameteri-
zation of Solomon and Qian [2005]. Photoelectron heating
of the thermal electron gas proceeds using either the new
parameterization described in sections 2.3 and 2.5 or the
original S&N parameterization, based on a user input flag.

3.2. Simulation Results

[46] The GAIT model described above was used to
simulate the response of the coupled ionosphere/thermo-
sphere to the X17 flare of 28 October 2003. The model was
initialized by running to a steady state while holding the
solar input constant, using the FISM irradiance valid at the
beginning of the period (00 UT). Once initialized, the model
run continued for an additional 24-h of integration time,
updating the solar irradiance at each 1-min time step.
Because GAIT is a global average model, any changes in
the simulation output are due solely to irradiance variations;
there is no inherent diurnal variability due to solar zenith
angle.
[47] Figure 5 illustrates the FISM estimate for irradiance

variations during the X17 flare. The inset of the figure
shows the soft x-ray flux (0.1–0.8 nm) measured by the
GOES spacecraft over the period 06–22 UT; the X17 flare
peaked at 11.17 UT (decimal hour). The main panel of
Figure 5 depicts the ratio of flare to preflare irradiance as a
function of wavelength; the ratio is shown on a log scale.
The two times selected to compute this ratio are indicated
by dotted lines in the inset, and correspond to x-ray classes
of C2 (2  10�6 W/m2) and X17 (1.7  10�3 W/m2)
respectively. Coincident with this extreme flare, FISM
predicts roughly an order of magnitude increase in photon
fluxes below 20 nm, while fluxes at EUV wavelengths
longward of 20 nm roughly double. In the vicinity of 20 nm
the modeled increase is relatively low. This counter-intuitive
result has been observed in the TIMED/SEE data and

Figure 5. Ratio of the solar irradiance (flare/pre-flare) as a
function of wavelength, specified by FISM [Chamberlin et
al., 2008] during an X17 solar flare. Also shown is the
GOES soft x-ray flux (inset) on 28 October 2003; dotted
lines indicate the times selected to calculate the ratio.
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reproduced by solar emissionmodels (e.g., CHIANTI), and is
believe to reflect a lack of bound-bound emission lines in this
region [Chamberlin et al., 2008].
3.2.1. Electron Density
[48] Enhancements to electron density are perhaps the

most widely investigated response to solar x-ray flares
[Meier et al., 2002; Huba et al., 2005; Smithtro et al.,
2006; Le et al., 2007], and thus provide a starting point to
describe the model results. Figure 6 displays a contour plot
of the electron density enhancement simulated by the GAIT
model over the course of the X17 solar flare. The bottom
panel of the figure depicts the ratio of the flare-enhanced
electron density to the steady state initialization as a
function of altitude (95 to 500 km) and time (10 UT to
14 UT). The top panel shows the GOES soft x-ray flux over
the same period, providing a proxy for the enhanced solar
XUV and EUV emissions.
[49] Short wavelength photons, which exhibit the largest

flare-time increase, penetrate deep into the atmosphere;
therefore, the largest electron density enhancements are
found at the lowest altitudes in the model domain. At the
lower boundary, 95 km, the electron density increases by a
factor of 6.5, coincident to the soft x-ray peak. The
enhancement decreases rapidly with altitude, falling to a
factor of 2 at 135 km. Near the F2 peak, the initial
enhancement is 10–15%. However, the flare also causes a
rapid increase of the electron temperature, which leads to

upward plasma transport as the ionosphere expands. This
effect is apparent in Figure 6 as an upward tongue of
increased electron density, even as the soft x-ray flux
decreases. Just above the F2 peak, a local enhancement of
more than 30% persists from roughly 11.8 UT to 13.1 UT,
nearly 2 h after the GOES soft x-ray peak.
[50] Analogous to the effect of neutral winds or electric

fields, upward vertical transport lifts the plasma to altitudes
where the neutral densities, and thus recombination rates,
are lower. The net effect is a delayed enhancement of
electron densities in the F2 region, governed by both
transport and ionization. The importance of transport is
revealed by simulating the same flare as a short-lived pulse
rather than the long-duration flare depicted in the figure. In
the pulse simulation (not shown), the low-altitude electron
density immediately recovers following the flare, but the F2
region again shows an extended enhancement of 10–15%
for nearly 2 h, even though the soft x-ray flux is at
background levels. Thus the 30% F2 enhancement depicted
in Figure 6 results from a combination of both lower
recombination rates (due to transport) and higher production
rates persisting during the decay phase of the flare.
3.2.2. Electron Temperature
[51] Using the new parameterization of photoelectron

heating described previously, the GAIT model also simu-
lated electron temperatures over this same time period; these
results are shown in the bottom panel of Figure 7. The top

Figure 6. GAIT model simulation of the electron density response (bottom) to an X17 solar flare on
28 October 2003; the plot depicts the ratio of the time-dependent density to the initialization as a function
of UT hour. Also shown is the GOES soft x-ray flux (top) over the same time period.
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panel of the figure again displays the GOES soft x-ray flux
as a proxy for the irradiance enhancement. Prior to the flare,
the temperature exhibits expected behavior, increasing with
altitude to reach maximum values of roughly 2200 K at
500 km. A local maximum of �1450 K is also found near
215 km, driven by the local deposition of energy.
[52] As the flare magnitude increases to its peak, the

electron temperature simultaneously increases at all alti-
tudes. At 500 km the temperature quickly reaches a max-
imum of 2500K, while the low altitude peak exceeds 1800K.
In general, the results of Figure 7 suggest the electron
temperature responds directly to enhanced solar emissions
coincident with the x-ray flare, which is expected from the
heating rate parameterization described previously. However,
the actual temperature response is slightly more complicated,
as is revealed using a difference plot in Figure 8.
[53] The top panel of Figure 8 shows a contour plot of the

temperature difference (DTe) between the flare simulation
and the steady state initialization over the same altitude and
time range as Figure 7. The maximum temperature en-
hancement of 440 K (30%), near 330 km, coincides with the
flare peak. However, an hour after the x-ray peak, temper-
atures near �400 km are 150 K (10%) lower in the flare
simulation than the baseline. This crossover from enhance-
ment to deficit occurs within 30 min of the peak x-ray flux,
and simulated electron temperatures above 250 km remain
lower than the baseline for the duration of the UT day. This

effect can be explained by comparing the top panel of
Figure 8 to Figure 6 and considering electron thermal
energy loss processes as a function of altitude.
[54] The large positive DTe observed in conjunction with

the x-ray flare is directly driven by photoionization and the
resultant heating of the thermal electrons. The electrons lose
energy to the cooler ion and neutral gases through elastic
and inelastic collisions. Below approximately 200 km,
collisions with neutrals dominate the loss and therefore
the loss rate goes as the electron density; above 200 km
Coulomb collisions with ions dominate and the loss rate
effectively goes as the electron density squared [Schunk and
Nagy, 2000]. Given this squared dependence and the
elevated electron densities seen in Figure 6, the electron
cooling rate above 200 km increases significantly following
the flare.
[55] At the peak of the flare (11.17 UT), heating over-

whelms cooling processes, leading to the observed tem-
perature enhancements. However, by 11.65 UT the
baseline temperature above 300 km is greater than the
flare simulation, even though GOES x-ray levels still
exceed X4 (4  10�4 W/m2). At these later times, the
electron density enhanced cooling outweighs heating,
resulting in lower temperatures than baseline. The heating
rate continues to decrease during the decay phase of the
flare, while the electron density above 300 km remains at
least 20%greater than baseline formore than 3 h. The�150K

Figure 7. GAIT model simulation of the electron temperature response (bottom) to an X17 solar flare
on 28 October 2003. Also shown is the GOES soft x-ray flux (top) over the same time period.
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temperature deficit observed in Figure 8 (top) reflects a
long-lasting effect of enhanced electron densities. A truly
coupled system, the initial rise in electron temperatures
leads to plasma transport and thus enhanced high-altitude
electron densities, which ultimately lowers the electron
temperature via collisional cooling.
[56] The bottom panel of Figure 8 again shows a contour

plot of DTe, but in this case the comparison is between the
S&N parameterization of electron heating and the new
parameterization developed in sections 2.3 and 2.5. As
described previously in Figure 4, the new parameterization
results in larger heating rates at nearly all altitudes; thus,
DTe is everywhere positive in Figure 8 (bottom). Differ-
ences of up to 10% are found near the peak of the energy
deposition (�200 km) and at the highest altitudes, which
fall outside the fit range of the S&N parameterization.
Below �120 km, the plasma and neutral temperatures are
strongly coupled, which minimizes differences between the
two parameterizations.
[57] Above 400 km, the relative importance of the heating

rate parameterization depends on the value of the downward
heat flux from the plasmasphere; this heat flux sets the
upper boundary condition for electron temperature. In this
simulation the downward heat flux was set to a constant
6.8  109 eV cm�2 s�1, based on a simple parameterization

of the results of Titheridge [1998]. This value of heat flux
overwhelms the local heating rate and minimizes the result-
ing DTe between the two parameterizations. If the down-
ward heat flux is instead set to zero, local heating becomes
more important, and the relative difference between the two
parameterizations reaches 20% at 500 km. On the other
hand, doubling the heat flux increases the absolute electron
temperature in both cases, but changes the relative differ-
ence only slightly.
[58] At the peak of the flare, electron heating rates below

120 km are more than an order of magnitude larger using the
new parameterization than the S&N values (e.g., Figure 4).
On the basis of this, one might expect the maximum DTe
to be found here; however, coupling of the thermal electrons
to the neutral gas reservoir minimizes the increase below
100 km. As shown in Figure 8 (bottom panel), aDTe of 185K
(15% greater) is instead found near 185 km. The absolute
differences are larger at the top of the model domain, a DTe
of 270 K at 430 km, but the relative change is the same. The
choice of downward heat flux again minimizes the relative
importance of photoelectron heating at the highest altitudes.
[59] The importance of the electron temperature boundary

condition is further complicated by the fact that the plasma-
sphere will also respond to a solar flare, increasing the heat
flux. As stated previously, the model results presented in

Figure 8. Comparison of the global-average electron temperatures calculated for an X17 solar flare on
28 October 2003. Shown are temperature differences (Kelvin) between the time-dependent simulation
and the initialization (top) and the new versus old parameterizations of electron heating (bottom).
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Figures 7 and 8 relied on a constant heat flux of 6.8 
109 eV cm�2 s�1, parameterized by the preflare EUV irradi-
ance. If instead, the same parameterization is used to vary the
heat flux dynamically, the electron temperature increases by
nearly 1000K at 500 km at the peak of the flare; however, this
simplistic approach assumes the plasmasphere responds
instantly and linearly to irradiance variations. Additional
work using an interhemispheric field line model is needed
to better parameterize the coupling to the plasmasphere.
3.2.3. Neutral Temperature
[60] Solar flare XUV and EUV energy, initially mani-

fested as an increase in electron temperature and density,
eventually leads to additional heating of the neutral gas
through collisions with the hot plasma and chemical poten-
tial energy released during recombination. Modest enhance-
ments to the FUV irradiance can also occur during flares,
providing additional neutral heating through photodissocia-
tion of O2 and recombination of atomic oxygen. Figure 9
illustrates changes to the neutral gas heating rate over the
course of the X17 flare described previously. The upper left
panel of the figure depicts nominal heating rates as a
function of altitude, simulated at 10.00 UT, prior to the
onset of the flare. A solid line identifies the total heating
rate, which is composed of many components [Roble et al.,
1987; Schunk and Nagy, 2000; Smithtro and Sojka, 2005].
For simplicity, we partition the various contributions into
four categories: exothermic neutral chemistry (e.g., recom-
bination of atomic oxygen), exothermic ion-neutral chem-
istry (e.g., dissociative recombination), collisions between
neutrals and ions or electrons, and direct heating of neutrals
via dissociation at all wavelengths (0–360 nm). These four
categories are identified in the top two panels using different
line styles and colors. Roble et al. [1987] separates the
various components even further, for example, by explicitly
identifying quenching of O(1D), which falls under ‘‘neutral
chemistry’’ in Figure 9, and by splitting ‘‘dissociation’’ into
finer wavelength intervals. Roble and Emery [1983] found
that an additional Joule heating term must be included to
bring global-mean models in-line with observations. For
clarity, this small, fixed contribution is not plotted in the
figure, although it is included in the total heating rate.
[61] The top right panel of Figure 9 again depicts the total

heating rate and the various components, but now for a
simulation time of 11.17 UT, which corresponds to the peak
of the x-ray flare. Although the total rate increases at all
altitudes from 10 to 11.17 UT, the changes are difficult to
distinguish on the scale of the figures. More readily appar-
ent are low altitude increases to heating via collisions and
ion chemistry. At 105 km, the contribution from neutral-ion
and -electron collisions (green dash-dot line) jumps by a
factor of 15 to 5  104 eV cm�3 s�1; although it represents
only 6% of the total rate. Increases to the electron density
also enhance neutral heating via dissociative recombination;
the ‘‘ion-neutral chemistry’’ (red dashed line) contribution
at 105 km increases by a factor of 15 to 1.4  105 eV cm�3

s�1 and comprises nearly 17% of the total neutral heating
rate, up from only 2% at 10 UT. Above 150 km, both
collisions and ion-neutral chemistry show more modest
increases of less than a factor of 3, but begin to constitute
a much larger fraction of the total rate. The ‘‘neutral
chemistry’’ (blue dotted line) component increases by a
factor of �2.5 between 115 and 130 km, where it represents

the majority of the total rate; the flare-time increase is
driven primarily by recombination of neutral atomic oxy-
gen, which is created, directly and indirectly, as a by-
product of photoionization [Stolarski, 1976].
[62] The neutral temperature response depends on

changes to the total heating rate, and the bottom panel of
Figure 9 depicts this variation as a function of time and
altitude over the flare period. This panel shows the ratio of
the total neutral gas heating rate calculated during the flare
simulation to the rate calculated prior to the flare, at 10 UT.
The maximum increase, a factor of 2.7, is found at 120 km,
nearly coincident to the time of peak x-ray flux. This flare-
time enhancement decreases with altitude, to roughly 40%
at 500 km. Although not shown, similar contour plots were
created for each of the four heating components. Not
surprisingly, the magnitude and morphology of the total
rate most closely mirrors the dominant contribution at each
altitude. The low altitude increase reflects a relatively short-
lived enhancement to production of atomic oxygen, primar-
ily via the ionospheric pathway identified above, but also
through small increases in FUV irradiance. Above 300 km,
the heating rate exhibits a rapid increase of 40–60%
commensurate with flare, and a longer-lived 10–30%
enhancement during the decay phase of the flare. This
prolonged enhancement reflects not only continued eleva-
tion of the solar irradiance, but also the higher electron
densities described in Figure 6.
[63] Variations in the neutral gas heating rate ultimately

lead to changes in the neutral gas temperature. Given the
thermal inertia of the thermosphere and its relatively slow
time constants, contour plots of the neutral temperature
don’t exhibit the same immediate flare signatures as the
electron density or temperature. Instead the neutral temper-
ature shows a delayed rise and slow decay, primarily at high
altitudes. For this reason, rather than a contour plot we
instead display the thermospheric response in a form suit-
able for comparison with the satellite drag results of Sutton
et al. [2006].
[64] In Figure 3 of their work, Sutton et al. [2006] display

neutral density and temperature residuals inferred from
accelerometers on-board the CHAMP and GRACE satel-
lites. The satellite drag data were normalized to 400 km and
490 km respectively and a mean neutral density was
inferred for the portion of the orbit between ±30� latitude.
The authors then used the NRLMSISE-00 empirical model
[Picone et al., 2002] to define and subtract a background
density, as well as deduce a corresponding neutral temper-
ature. The resulting four panel figure illustrates density and
temperature changes over the period 27–29 October 2003
in four local times, CHAMP, 01:20 and 13:20 and GRACE,
04:00 and 16:00.
[65] The bottom panel of Figure 10 depicts the GAIT

simulated variation of neutral mass density and temperature
at an altitude of 445 km, between the altitudes of CHAMP
and GRACE, and spanning the same UT period. A dotted
line corresponds to the change in neutral mass density
(10�12 kg m�3) relative to the steady state initialization at
the start of the period, while the solid line reflects the
neutral temperature increase (K). The GOES soft x-ray flux
is shown in the top panel of the figure. Numerous C- and
M-class flares occur on the first day of the period (day 300,
27 October 2003), but affect the neutral gas only slightly.
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[66] It is interesting to highlight a small increase in
temperature and density that begins at the start of day 301
(28 October 2003). The behavior actually reflects a limita-
tion of the FISM irradiance used to drive the GAIT model.
Although FISM uses the GOES x-ray flux to parameterize
1-min temporal variability, the majority of the irradiance is
actually specified by daily proxies such at the 10.7 cm radio
flux and the Mg II core to wing ratio [Chamberlin et al.,
2007]. The use of these daily proxies causes a discontinuous
jump in the energy input to the GAIT model, beginning at
the start of the UT day, when the new daily values take
effect. The modeled thermosphere responds slowly to the

input, resulting in the gradual increase that appears in
Figure 10 starting at day 301.
[67] The onset of the X17 flare is apparent in the top

panel of Figure 10 and the peak time is indicated by a
dashed red line in the bottom panel. Unlike the electron
density and temperature, the full response of the thermo-
sphere is not immediate. After the X17 flare, the GAIT
neutral temperature increases by 35 K (4%), reaching a
maximum 3 h after the flare peak. The thermosphere
expands in response to the temperature, and the neutral
mass density rises by 2.4  10�13 kg m�3 (15%), 4 h after
the flare. This global average simulation can be compared to

Figure 9. (top left) The neutral gas heating rate (eV cm�3 s�1) is shown as a function of altitude, at
10 UT on 28 October 2003; four major contributions are also shown: exothermic neutral chemistry,
exothermic ion-neutral chemistry, collisions with ions and electrons, and direct heating via dissociation.
(top right) The same heating rate profiles are shown at 11.17 UT, the peak of the X17 flare. (bottom) A
contour plot depicts the variation of the neutral gas heating rate as a function of time; it shows the ratio of
the time-dependent, flare-enhanced heating rate to the rate calculated at 10 UT. The contour increment is
0.25.
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the low-latitude, day-side results of Sutton et al. [2006] who
reported mass density increases of 50–65% within roughly
1.5 h of the flare peak.
[68] Due to the global averaging imposed by the model, it

is not surprising to find the magnitude of the simulated
enhancement is lower than the satellite ‘‘observations’’
(15% versus 50–65%). Assuming the local flare-response
goes roughly as the cosine of the solar zenith angle, cos c,
the relative magnitude of the computed response depends on
the average of this quantity, hcos ci, over the respective
domains. For the simulation, the global average value is
hcos ciglobal = 1/4. The observations, on the other hand,
were made at two local times 13:20 and 16:00, between
±30� latitude, which correspond to values of hcos ci13:20 �
0.95 and hcos ci16:00 � 0.61. On the basis of this very
simple analysis, one would expect the satellite derived
response to be �2.5 to 4 times larger than the simulation,
which is very close to what was found (3.3 to 4.3).
[69] An immediate explanation for the difference in

response time between the model and observations is less
apparent, although it should be noted that the simulated
mass density reaches 90% of its maximum within 2 h of the
flare, which is within the 45 minute uncertainty of the
observations. In the simulation, recovery of the thermo-
sphere proceeds with a time constant of approximately 20 h,
once again slower than the 8 h time constant reported by
Sutton et al. [2006]. This difference could be attributable to
the one-dimensional nature of the model, which does not
allow for horizontal transport of mass and energy to the
unaffected nightside. Further investigations using a fully 3-D
model are necessary to fully explore these differences.

[70] Although it does not have as large an impact as in the
ionosphere, the choice of photoelectron heating rate param-
eterization also affects thermospheric temperatures and
densities. Neutral exospheric temperatures computed by
GAIT during the steady state initialization phase were 2%
higher with the full parameterization versus S&N; neutral
mass densities at the upper boundary were 5% greater. This
offset remained throughout the model simulation. Unlike
the differences in electron temperature described in Figure 8,
the ability of the new parameterization to better handle flare-
time energy deposition did not significantly alter the thermo-
spheric response. After accounting for the initial offset, the
flare-enhanced neutral temperature and density computed
using the new parameterization were only 1% larger than
those computed using the S&N method.

4. Conclusions

[71] Specification of the ambient electron volume heating
rate is required in order to calculate the plasma temperature;
rather than solve for the full photoelectron flux, most
models rely on parameterizations. The most widely used
parameterization of the electron volume heating rate is one
developed by Swartz and Nisbet [1972]. In this work we
found the S&N parameterization typically under-predicts the
peak heating rate by 20–30% as compared to the physical
GLOW model, and is off by an order of magnitude during a
large X17 solar flare. Motivated by these large differences
we developed two new parameterizations to better account
for photoelectron heating of the plasma.
[72] The simple parameterization mimics the original

S&N approach, while updating the fit to eliminate offsets

Figure 10. (bottom) Simulated variation of the global-mean mass density (dotted) and neutral
temperature (solid) over the period 27–29 October 2003 at an altitude of 445 km; a dashed line identifies
the peak of the X17 flare on 28 October. Also shown is the GOES soft x-ray flux (top) over the same time
period.
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from GLOW and extend the applicable altitude range.
Under normal conditions, heating rates calculated with this
method are within 5–15% of the physical model. However,
because the simple method invokes the same fundamental
assumptions as the S&N approach, it also underestimates
heating rates during large flares. For the X17 flare consid-
ered here, the simple heating rates were a factor of four
lower than full GLOW calculations.
[73] The full parameterization accurately treats both nor-

mal solar input and solar flares by scaling the fit to the
average photon energy in each wavelength bin. This ap-
proach eliminates the problematic assumption of a constant
spectral shape common to both S&N and simple models,
while remaining computationally efficient and appropriate
for use in GCMs. Comparisons showed the full parameter-
ization reproduced GLOW heating rates to within 15%
under flare conditions, and typically less than 5% under
normal solar conditions.
[74] A global average ionospheric/thermosphere model

was used to investigate the response to the X17 solar flare
of 28 October 2003. During the flare, modeled electron
temperatures increased 30% over baseline values at 300 km.
The resulting ionospheric expansion, led to a long-lived
enhancement of plasma density above the F2 peak. This
enhancement increased collisional coupling of the plasma
and depressed postflare electron temperatures 10% below
baseline values for hours after the flare.
[75] In the thermosphere, the neutral gas temperature

increased by 4% within 3 h of the flare peak, driving a
concomitant density increase of 15%. These results were
compared to the satellite drag measurements of Sutton et al.
[2006] and found similar, but of lower magnitude and
slower response times. Global averaging inherent to the
model accounts for most of the difference in magnitude, but
additional work using a 3-D global circulation model is
needed to fully explore these differences.
[76] The simulation also revealed differences based on the

choice of parameterization for electron heating. As
expected, the electron temperature showed the strongest
response to this choice; the maximum difference ranged
from 10% prior to the flare, to 15% at the flare peak. Neutral
temperature and density were also affected. Steady state
exospheric temperatures calculated with the new parame-
terization were 2% higher than S&N values, and neutral
mass densities at the model’s upper boundary were 5%
greater. These constant offsets remained throughout the
simulation, but showed no significant further increase in
response to the flare.
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