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Abstract.

A nine-year database of sunlit F-region electron density altitude profiles (N, (z)) mea-
sured by the Sondrestrom incoherent scatter radar (ISR) has been partitioned over a pa-
rameter space of 10.7 cm solar radio flux (Fio.7) and solar zenith angle (x) to investi-
gate long-term solar and thermospheric variability and to validate a contemporary EUV
photoionization model. A two-stage filter, which rejects N.(z) profiles with large Hall-
to-Pedersen conductance ratio and incorporates an MLT-dependent correction factor for
low-energy precipitation, is used to mitigate auroral contamination. Resultant filtered
mean sunlit N¢(z) is compared with subauroral N, measured for the same Fip7 and x
conditions at the Millstone Hill ISR in order to confirm adequate high-energy auroral
rejection. Mean N., as expected, increases with solar activity and decreases with large
Xx- Radar model comparison indicates that across all parameter space and for altitudes
from 105 to 180 km, the GLOW model estimates are within 5% of the ISR mean with
the contribution from photoelectrons accounting for 30 to 50% of equilibrium ion den-
sity. Above 180 km, the GLOW model slightly overestimates the height of the Fl-layer.
Radar model comparison also reveals a low altitude N, enhancement for high solar ac-
tivity at altitudes commensurate with 3 to 7 nm XUV and H Lyman-§ radiances. The
variance of the ISR mean N, is shown to be greatest at low Fyg7 (solar minimum). Sim-
ulated N, variance envelopes, given by perturbing the GLOW model neutral atmosphere
input by the measured A,, Fio7, and T, extrema, are narrower than ISR derived geo-
physical variance envelopes at solar minimum. We find no evidence for solar cycle con-
trol of low-energy precipitation and thus we attribute the observed N, variance at so-
lar minimum to variability in solar EUV flux. In order to address estimation of N, at
altitudes where GLOW model photochemical equilibrium assumptions are invalid, we pro-
vide an empirical model for Sondrestrom quiet time photoionization N.(z) as a function

of F10_7 and X-

1. Introduction

Plasma density of the daylit high-latitude ionosphere is
produced primarily by structured and diffuse auroral pre-
cipitation as well as solar extreme ultraviolet (EUV) illumi-
nation. Prior incoherent scatter radar (ISR) studies of the
quiet daylit ionosphere have considered the control of height-
integrated conductivity during quiet summertime conditions
as parameterized by 10.7 cm solar radio flux (Fi0.7) and
solar zenith angle (x) [Robinson and Vondrak, 1984; Ras-
mussen et al. 1988; Moen and Brekke, 1993 and refer-
ences therein]. Such quiet time conductance models pro-

Copyright 2005 by the American Geophysical Union.

Paper number 2003JA011129.
0148-0227/05/2003JA011129%$9.00

1

vide important mean inputs to magnetohydrodynamic and
assimilated models of high latitude electrodynamics, but ig-
nore any information gleaned by the altitude distribution of
the equilibrium mean electron density N.(z) or variations
around the mean.

Herein, we seek to directly study the nature of solar con-
trol over quiet time plasma density profiles by examining
mean and variance N, derived from a nine year ISR database
as partitioned on a parameter space of F1o.7 and y. We then
compare ISR-derived mean and variance N. with a contem-
porary EUV model, suitably perturbed to estimate long-
term thermospheric variability, in order to address candi-
date sources for observed N, variability. Our baseline model
for comparison is the GLOW model [Solomon et al., 1988;
Solomon and Abreu, 1989; Bailey et al., 2002; Solomon and
Qian, 2003].

Comparison of ISR and GLOW modeled mean N, serves
to validate the efficacy of contemporary EUV spectral mod-
els, to investigate the relative importance of photoelectron



impact, and to highlight the solar cycle evolution of specific
spectral features. Morphological features of ISR N, (z) at al-
titudes below 120, for example, are dominated by photoion-
ization from soft X-ray ultraviolet (XUV), solar H Lyman-
B, and CIII lines — and thus one can monitor solar cycle
evolution of these spectral components by studying the as-
sociated evolution of lower E-region photo-produced N.(z)
structure. Comparison of ISR and modeled N, variance
(6N.) can likewise address the long-term variability in solar
spectra over timescales much longer than the operational
lifetime of satellite EUV sensors. Specifically, the ISR mea-
surements described herein span the period identified as the
“EUV hole” by Tobiska et al. [2000]. Finally, we create an
ISR-based empirical model of quiet daytime N, that repro-
duces ionospheric structure at altitudes where GLOW model
photochemical equilibrium assumptions are not valid.

In the following sections, we describe analysis of nearly
nine years of Sondrestrom ISR N. data with a two-stage fil-
tering scheme designed to remove high- and low-energy au-
roral ionization effects. Because our auroral filter is based on
conductance ratios, we can directly compare the ensemble
of Sondrestrom conductance measurements with the prior
ISR-based quiet time models of Rasmussen et al. [1988] and
Moen and Brekke [1993]. Of over 67,000 input N (z) profiles,
the 8541 that survived filtering are partitioned into bins of
Fi0.7 and x, where Fio.7 is the average of daily and 81-day
mean solar 10.7 cm radio flux. Filtered Nc(z) is then com-
pared with subauroral N.(z) measured at the Millstone Hill
ISR to confirm adequate high-energy auroral rejection.

In a manner similar to the comparison of individual sub-
auroral N.(z) profiles with EUV aeronomical models [Buon-
santo et al., 1995], our study evaluates how well a contem-
porary EUV model reproduces ISR mean N.(z) (Section 4).
This model uses a 1 nm implementation of the solar spectra
from the EUV model for aeronomical calculations (EUVAC)
[Richards et al., 1994], additional short XUV spectral com-
ponents, and the GLOW photoelectron and

photochemical model [Solomon et al., 1988; Solomon and
Abreu, 1989; Bailey et al., 2002; Solomon and @Qian, 2003].
Across all bins of Fip.7 — x parameter space, the GLOW
model is shown to accurately predict ISR-derived mean N..

In Section 5 we highlight features in the ten best sampled
ISR N¢(z) bins to address long-term geophysical behavior
of mean and variance N.. Specifically, we note a general
broadening of variance N¢(z) at solar minimum, and the
emergence of a low-altitude (107 to 112 km) N. enhance-
ment at solar maximum. Thermospheric perturbations to
the GLOW model are used to argue that the observed vari-
ance in ISR measured N, at solar minimum is driven by
variations in the solar spectra. Finally, we present an ISR-
based empirical model for N¢(z) below 200 km as described
by Fl-layer peak density (NmF1), altitude at peak density
(HmF1), and layer width across the Fio.7 — x parameter
space.

2. Description of ISR Data

The database assembled herein comprises 67,603 N (z)
profiles measured along the local magnetic field line over a
period from 11 April 1994 to 9 January 2003. This period
spans the minimum between solar cycle peaks 22 and 23 as
well as the maximum of solar cycle 23. A significant por-
tion of these N.(z) profiles were acquired during monthly

multi-day “World Day” runs and thus samples are well dis-
tributed — especially over summer months when x reaches
its seasonal minimum.

From April 1994 onward, the Sondrestrom ISR has
probed the auroral ionosphere with a dual pulse mode that
simultaneously measures plasma parameters in the E re-
gion and F region [Kelly et al., 1995]. The E-region mode
employs the 16-baud alternating code scheme described by
Lehtinen and Hdggstrém [1987] and provides 3 km range res-
olution with no range ambiguities. The F'-region mode, on
the other hand, consists of a single 320 us uncoded “long
pulse” (LP) with 48 km range resolution. Our data have
been assembled from merged A16/LP profiles that are com-
posites of the high resolution “alternating code” (A16) and
lower resolution LP data streams.

The high-resolution A16 scheme was implemented in part
so that conductivity calculations would not suffer from low-
resolution LP sampling in an altitude regime wherein Hall
and Pedersen mobility terms are sharply peaked. We con-
sider briefly the nature of these mobility terms.

Calculation of conductivity proceeds directly from a cal-
culation of Pedersen and Hall mobilities as described by
Rishbeth and Garriott [1969]. The calculation of mobility
per unit charge (ratio of mean scattering time to mass) ac-
counts for scattering contributions from both random ther-
mal motions and ordered gyrorotation of ions and electrons
in a background neutral atmosphere. Canonical forms for
Pedersen mobility (kp) and Hall mobility (kz) are given:

kp = _v/m (1)
()
ky = _9Ym (2)

(v +97)

where v is momentum transfer collision frequency of the
ion or electron with background neutrals, m is mass of the
ion or electron, and €2 is the ion or electron gyrofrequency
(¢B/m), where q is the ion or electron charge. Pedersen and
Hall conductivity can now be given:
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Figure 1. Pedersen and Hall Mobility Arguments
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Figure 1 shows the altitude behavior of the Pedersen and
Hall mobility terms in equations (3) and (4). If ionospheric
densities were only probed with the 48 km long pulse, then
the precision of calculated Pedersen and Hall conductivities
would be greatly degraded. This point is relevant to the
current study as we intend to use a conductance-based first-
stage filter to remove N, profiles dominated by high-energy
auroral precipitation. The 3 km resolution of the A16 mode
also ensures accurate sampling of E-region structure at al-
titudes sensitive to photoionization from select XUV and
EUYV spectral components.

Because A16 coding measures incoherent scatter from a
3 km range sample, its signal-to-noise ratio (SNR) is lower
and usable altitude range is more restricted, when compared
with the 48 km LP sample. All A16 and LP measurements
used in this study were integrated for 60 s — sufficiently
long to ensure usable A16 mode SNR in the E region.

A16/LP profile merging uses N, error (6N.), provided
by the ISR fitting program, to drive an altitude-dependent
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Figure 2. N.(z) for Auroral and Quiet Sunlit Conditions

weighting that transitions smoothly from mostly A16 data
at 90 km to mostly LP data at 200 km:

L

2
(N7 )N, + f (mj) N,

Ne = ) (5)

(6N5)2 + f<51v;‘>

where the superscripts L and A denote LP and A16 mea-
surements, respectively, and f is an exponential weighting
factor:

f _ ae(z—zo)/HO ] (6)

Coefficients a, zo, and scale height Hy have been selected
so that ((SN:)2 and ((SNS)2 have equal weighting at 170 km
and so that LP contributions are attenuated a factor of 400
at 90 km (relative to 200 km). The variance in merged elec-
tron density is given by substituting ((5Nj)2 and ((5Nf)2 for
Ng and Ng in equation (1).

Figure 2 provides examples of merged N, profiles for ac-
tive auroral and quiet daylit (x = 74°) conditions. The
auroral profile shows how the coarse 48 km LP sampling at-
tenuates the true peak of arc-related ionization at 115 km
and adds an artifact below 103 km. The daytime profile,
with a shape characteristic of an E-region ionosphere domi-
nated by solar photoionization, shows less distortion from
LP smearing. Hall-to-Pedersen conductance values have
been calculated for all N.(z) profiles and indicate that LP
data overestimates Yz /X p by approximately 11% relative
to the merged values. We are now set to filter our ISR N¢(z)
data ensemble for high-fidelity, quiet time, and sunlit con-
ditions.

3. Data Filtering and Partitioning

As a first-stage quality check, we seek to minimize inclu-
sion of low SNR, N(z) profiles and profiles with significant
contributions from coarsely sampled LP measurements. Be-
cause we merge low SNR 3 km resolved A16 data with high
SNR 48 km resolved LP data, these goals are mutually ex-
clusive. We have optimized these two goals by rejecting
profiles with average relative uncertainty greater than 28%
in the E region. This ad hoc threshold is a compromise
between our desire for high precision N. and for avoidance
of pulse smearing effects. N, profiles with less than 28%
N, uncertainty are comprised of no less than 90% of avail-
able high resolution A16 samples at E-region altitudes. This
relatively high proportion of A16 data inclusion drops pre-
cipitously as one imposes a smaller threshold in acceptable
N, uncertainty. This quality check rejects one third of the
total number of profiles in our database to yield 44,000 for
subsequent analysis. At this point we seek to remove profiles
with significant auroral contamination.

Prior quiet time solar photoionization studies have typ-
ically selected only a handful of experiments for detailed
analysis. Criteria for discrimination of nonauroral profiles
have included minimal (local) magnetometer fluctuations
[Vickrey et al., 1982], large density excursions from mean
N. [Robinson and Vondrak, 1984], low kp index [Schlegel
1988], and low A p index along with ad hoc requirements for
smoothness of diurnal conductance plots [Brekke and Hall,



1988; Moen and Brekke, 1993]. Filtering that depends on
geomagnetic indices and human intervention are judged in-
effective for our large database. A computationally efficient
filtering method that differentiates sharply peaked auroral
Ne(z) from broadly peaked photoionization N.(z) is there-
fore an immediate goal.

3.1. First-Stage Conductance Ratio Filtering

Our approach will be to take advantage of the distinction
in Hall and Pedersen conductivity profile shapes for auroral
and solar forcing. If one assumes uniform N.(z) with alti-
tude, then Pedersen conductivity peaks sharply around 120
km where the sum of electron and ion Pedersen mobilities
maximize (see Figure 1). Hall conductivity, on the other
hand, maintains a broad peak from 105 to 85 km, where the
difference in electron and ion Hall mobility remains fairly
constant. This altitude difference in conductance peak is
further amplified for typical auroral N.(z) which, according
to the shape of the electron energy spectrum, can sharply
maximize above or below the Pedersen and Hall mobility
peak altitudes.

More generally, it is noted that other shape-seeking fil-
tering approaches could work just as well. For example,
energy flux inversion techniques [Semeter and Kamalabadi,
2005] can be fine-tuned to seek out the broadly peaked N (z)
typical of solar forcing. A simple ad hoc kernel (i.e. sharply
peaked Gaussian) can also be used in place of the mobility
kernels of Figure 1, or a dedicated peak detection algorithm
could be employed. All such methods, as well as our conduc-
tivity approach, break down for soft auroral N(z) profiles
that mimic the broad shape of photoionization profiles. We
prefer to use a conductance based filter herein as it has a
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Figure 3. N.(z) for GLOW Model and Maxwellians

physics based connection to plasma — neutral collisions and
is amenable to comparison with the results from prior ISR
quiet time conductance models.

The behavior of energy-dependent height-integrated con-
ductivity is commonly exploited to derive a proxy for charac-
teristic energy of purely auroral precipitation. Brekke et al.
[1974] suggested that the ratio of height-integrated Hall con-
ductivity to height-integrated Pedersen conductivity would
scale as electron energy, and Robinson et al. [1987] pro-
vide a prescription for calculating characteristic energy for
assumed Maxwellian precipitation as a function of Xz /Zp.

Figure 3 exploits the fundamental difference in N, (z) pro-
file shape by comparing solar EUV produced ionization with
that from precipitating electrons. In this figure, solar pho-
toionization N¢(z) has been modeled for four combinations
of F10.7 and x using the GLOW model as described in Sec-
tion 4. N.(z) profiles corresponding to auroral impact have
been modeled for Maxgvelliagn glfctron spectra with a total
number flux of 1 x 10 cm s  for five values of charac-
teristic energy (Eo) using the ionization expression of Rees
[1989], the energy deposition distribution function for a uni-
directional beam given by Barrett and Hays [1976], and the
effective recombination coefficient given by Vickrey et al.
[1982]:

a=25x10  exp(—z/51.2) (7)
where 2 is in kilometers and o has units of cm” s .

Hall and Pedersen conductivity was calculated for all pro-
files in Figure 3 using equations 1 through 4, the Interna-
tional Geomagnetic Reference Field [TAGA, 1985] for a cal-
culation of ion and electron gyrofrequency (¢B/m), and the
ion and electron collision frequencies described in Doe et al.
[1995]. Resultant conductivity profiles are then height inte-
grated to yield conductance. The Hall to Pedersen conduc-
tance ratio is indicated by the color-coded key. These cal-
culations suggest a measurable X /X p distinction between
photoionization and auroral impact ionization profiles, es-
pecially for the hardest electrons. This model calculation
also suggests little change in the photoionization conduc-
tance ratio over a wide range of Fio.7 and x values. This
observation confirms the prior result from Brekke and Hall
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[1988] that daytime X /Xp for quiet conditions is on the
order of unity.

It is clear from Figure 3 that at some low energy, < 3
keV for this specific model, auroral impact ionization will
be masked by solar effects. Let us now consider how im-
pact and solar ionization are mixed in the context of an ion
continuity expression appropriate to the E-region ionosphere
(altitude < 200 km):

ON. _ ~ 2
ot - (qe + QSol) a(Ne) ) (8)

where ¢. is ion production from impact of energetic auroral
electrons and gso; is solar EUV photoionization and asso-
ciated photoelectron impact. At these collisional altitudes,
transport and diffusion terms have been neglected. « in this
equation represents a composite for the electron recombi-
nation rate coefficient with the predominant E-region ions:

+ +
O, and NO .

We now make a steady state assumption that E-region
ion production equals recombination ion loss, an assumption
that breaks down for rapid (< 1 s) fluctuations in the energy
spectra of auroral electrons [Semeter and Doe, 2002], but is
appropriate for timescales associated with gradual changes
in solar forcing. Equilibrium N.(z) now takes the form

Ne(z)z,/@. (9)

It is clear that solar photon and impact ionization are
intimately mixed in a way that can preclude reliable au-
roral isolation, especially for low-energy precipitation. We
choose, therefore, a two-step approach to filtering out auro-
ral contamination. Step one is to examine the ensemble of
Y /Ep for all daylit profiles in our database to determine
a maximum threshold over which individual N. profiles are
likely contaminated with high-energy aurora. Step two ap-
plies this threshold to nighttime N, profiles in order to derive
a model for low-energy auroral precipitation (Section 3.2).
This residual N, is then used as a secondary correction to
mean N, in all bins of Fi9.7 — x parameter space.

Figure 4 summarizes Y5 /2p for all daylit profiles. This
plot is overlain with ¥z /2 p suggested by the photoequilib-
rium model of Rasmussen et al. [1988] and the low-order
empirical model of Moen and Brekke [1993]. Mean and
twice the standard deviation for Sondrestrom Yz /Yp has
been calculated for 5-degree x bins and overlain as solid and
dashed lines, respectively. Note that from 41 to 81 degrees
X, both modeled ratios agree well with the mean ratio. We
interpret this as an indication that the daylit mean Xy /Xp
is dominated by solar photoionization effects. We also note
that the 60 s profile integration time may have played a role
in attenuating Xu/Xp spikes due to dynamic high-energy
auroral arcs.

In this plot, excursions below the mean are likely due to
the seasonal effect described by Brekke and Hall [1988] or
by attenuation of soft X-rays and spectral lines with great-
est impact below 120 (102.6 nm H Lyman-8 and 97.7 nm
CIII). Excursions above the mean are most likely due to au-
roral precipitation. We herein define the first step in auroral
filtering by accepting all profiles bracketed by the g /X p
mean and mean minus twice the standard deviation and by
41° <x < 810. Such thresholding preserves the low X5 /X p
value predicted for the GLOW model (~0.9), and guaran-
tees rejection of auroral arcs with greater than about 3 keV
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Figure 5. Data Partitioning

Eo. The 8541 profiles that survived filtering are now placed
in bins of Fi9.7 and x as shown in Figure 5. The bin occu-
pancy shown in Figure 5 indicates heavy weighting for Fio.7
< 85 and F10.7 > 145 — a reflection of the more frequent oc-
currence of F1g.7 values at the solar minimum and maximum
inflection points.

In each bin of Figure 5, and for each altitude 103 km
< z < 200 km, mean N, and variance N, var(N¢)caic,
are calculated. This observed variance has contributions
from statistical uncertainty in the measurement, N, and
the geophysical variability var(Ne). Clearly, the geophysical
variability will always be smaller than the total variance:

var(N,) = var(Ne)caze — (6Ng)?, (10)
where 0N, represents the average ISR measurement error in
N¢ in a given bin at a given altitude. Standard deviation of
N, for each bin in Figure 5 is then given by /var(N.) and
represents the geophysical fluctuations in N..

3.2. Removal of Low-Energy Ionization Sources

The N, profiles selected by our X /X p threshold filtering
scheme also contains contributions from low energy electron
precipitation (E¢ < 3 keV) and proton precipitation (Eg <
13 keV) [Galand and Richmond, 2001] which must be re-
moved in order to address solar forcing exclusively. This
low-energy precipitation has the same range of energies as
the non-discrete “continuous” aurora described by Robinson
and Vondrak [1985] and Whalen [1983] — precipitation with
a broad latitudinal distribution around a peak in the central
latitude of the auroral oval. Newell et al. [1991] describe this
unstructured precipitation as central plasma sheet or “dif-
fuse” aurora, albeit with a higher maximum characteristic
energy.

Without access to contemporaneous satellite spectrom-
eter or imaging diagnostics, we seek a scheme that allows
modeling of this low-energy precipitation as based on a sta-
tistical analysis of our entire nine-year data ensemble. The
guiding assumption is that ionization due to low-energy pre-
cipitation contributes to equilibrium N in a similar manner



for both sunlit and dark conditions. This assumption is sup-
ported by the Newell et al. [1996] analysis, which shows that
non-discrete low-intensity auroral precipitation occurs with
similar probability in all local sectors.

In the absence of solar EUV and hard auroral forcing, our
filtered nightside ionospheric measurements are thus con-
trolled solely by low-energy precipitation. At Sondrestrom’s
fixed geomagnetic latitude of 74°, we expect low-energy pre-
cipitation to be mainly controlled by proximity to the auro-
ral oval. One might also expect geomagnetic activity or solar
cycle control of low-energy precipitation. Thus, we choose to
examine mean nightside N, as parameterized by Magnetic
Local Time (MLT), Ap index, and Fi0.7 index. Specifically,
we apply the daytime Y /Xp selection threshold to 9132
nighttime N, (z) profiles in our database, bin the results by
the desired parameter, and then extract mean N.. Figure 6
summarizes resultant mean N, as binned by MLT, Ap, and
Fio.7.
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Figure 6. Low Energy N, Parameterized by MLT, Ap, and
Fio.7

This figure indicates that low-energy precipitation has
its greatest dependence on MLT, with a significant peak at
noon. This observation confirms that the Sondrestrom ISR
has a high probability of measuring low-energy auroral pre-
cipitation in the cusp sector [Doe et al., 2001]. To account
for the MLT dependence of low-energy precipitation shown
in Figure 6, we herein design a simple model.

To construct our model of low energy precipitation, we
will consider the N¢(z) profiles in the top panel of Figure 6 to
be a basis set organized by MLT. This basis set is then trans-
formed into a composite N¢(z) profile by an MLT weighting
scheme that is formed by examination of the range of MLT
values within each bin of F19.7 — x parameter space. Specif-
ically, MLT weighting (W,,, ) is determined in each F1o.7 —
x bin by calculating a histogram of MLT values as normal-
ized by the total number of profile samples. Thus, for each
bin, MLT-weighted ionization rate can be modeled:

2
e = Ny o Warnr) (11)
where N, ,, . represents the N.(z) basis set in the top panel
of Figure 6.

Substituting this g,,, . for g in equation (9), we can now
solve for the “corrected” steady sate plasma density due to
solar EUV in the absence of low- and high-energy precipita-
tion (N,):

1/2
c 2 2

Ne = |Ne — (NMLTWMLT) ] (12)
where N, is the mean density selected by our first stage
Yu/Xp threshold filter. N; is shown across all Fio.7 — x
bins in Figure 7. In this figure, the 1 ¢ standard deviation
envelope, calculated from equation (10), is shown in gray. In
each bin, the total number of profiles contributing to mean
and standard deviation is shown in the lower right hand
corner.

3.3. Data Partitioning: Initial Observations

Mean N, shown in Figure 7 displays the expected trend
of increasing with solar activity, Fi10.7, and decreasing with
higher solar zenith angle x. The deviation envelopes for 5
out of 7 bins with less than 70 samples are extremely nar-
row and are judged to be poor estimates for intrinsic N,
variability. When considering the ten best sampled bins
(highlighted), we have greater confidence that the deviation
envelope reflects actual geophysical variability and not sta-
tistical fluctuations. For 90% of these highly sampled bins,
the deviation envelope is significantly wider at solar mini-
mum (Fi0.7 < 85) than for solar maximum (Fi0.7 > 145)
— a suggestion that solar EUV flux may have its greatest
variance at solar minimum. We also note that a persistent
low-altitude N. enhancement is present in five out of six
highly sampled bins for solar maximum conditions (shown
with an arrow). This low altitude N. bump emerges from
an average of hundreds of profiles and is unlikely to be a
spurious feature. We now consider comparison of ISR mean
Ne(z) with the GLOW model.

4. Comparison with the GLOW model

The GLOW model provides a reference EUV solar flux
model ¢, additional amendments for XUV spectral com-
ponents, an MSIS model [Hedin, 1987] based calculation of
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UV slant path loss and zenithal photoionization rate for mul-
tiple ion species, a calculation of photoelectron flux, and
an FE-region ion chemical code required to evaluate steady
state N, from species specific ion production rate. For a
given solar zenith angle y, the zenithal ionization rate due
to incident solar flux can be expressed as

0(2) =Y |8,V G (V) x e TRV n (2) (13)

J

where g(z) has units of ion-electron pairs m = s . In this
equation, index j sums the contribution from major neutral
species available for ionization (N, O, N,, O,). Unitless
optical depth is given for x less than 90° by Rees [1989]:

0o 2 —1/2
T:Z ak()\)/nk(h) {1— <}}§ei;> sinzx] dh|,
k .

(14)

where R. is Earth radius, o, is photoabsorption cross section
for the kth species, and k sums over major species subject
to EUV photoabsorption (O, N,, O,). Implied in the above
expressions for ¢(z) and 7 is a dependence on neutral com-

position, and thus we expect a functional dependence on the
MSIS model input parameters, Fi9.7 and Ap.

More specifically, we note that equation (13) describes
mean ionization rate. Since one of our goals is to inves-
tigate photoionization variability, we should also consider
intrinsic (§) and modeled (A) variability:

0= D |8 1oy +00p0r] x T (n, + Any),
J
(15)

where d¢ . is the long-term intrinsic variability of solar
EUV flux, and A7 and An; are modeled variance envelopes
that result from perturbing neutral composition and abun-
dance. We have assumed that photoabsorption and pho-
toionization cross sections are well known and do not con-
tribute to ionization rate variability. For each bin in our
Fi0.7 — x parameter space, we have determined the ex-
trema in Ap index and Fio.7 (& 10 units around bin center
Fi0.7) that can define an envelope of thermospheric variabil-
ity through the MSIS model. In order to estimate worst-case
thermospheric variability, we have run the MSIS model for
each bin and have selected MSIS model output correspond-
ing to the maximum excursion in T across all parameter
space. Thus, for our nearly nine-year data span, the en-
velope for perturbing the MSIS model within the GLOW



model is effectively described by varying Te from 850" K
to 1630 K.

Since we wish to compare measured and modeled equilib-
rium N¢, and not ¢, we recognize an additional component
of variability due to E-region photochemistry. In the GLOW
model, which calculates composition and reactive dynamics
of multiple ion species in a background MSIS neutral atmo-
sphere, variability can be estimated by imposing the ISR
T.(z) extrema on the simulation. This is due to the strong
T. dependence of charge exchange and molecular recombi-
nation rates. For example, if the ISR-derived maximum T,
is applied to the expressions for O} recombination coeffi-
cient given by Walls and Dunn [1974], then one calculates a
minimum «. Conversely, if the ISR-derived minimum T, is
applied to the expression for NOT recombination coefficient
given by Torr and Torr [1979], then one calculates maxi-
mum «. Using a perturbation approach, one can show the
functional dependence of equilibrium N, on perturbed a:

_ q
Ne = V a+ Aa’

where « is the composite recombination rate of equation (7)
and A« is the difference between T, perturbed maximum
and minimum «. Since GLOW calculates recombination
rates internally, a series of runs across all T, and To, ex-
trema is used to establish an N¢(z) variance envelope.

With relatively infrequent measurements of the solar
EUV spectrum, ¢,,,, is commonly modeled with a reference
spectrum appropriately scaled to estimate instantaneous UV
radiance. Hinteregger et al. [1981] established an early spec-
tral model based on Atmospheric Explorer E (AE-E) satel-
lite and sounding rocket measurements that used Fio.7 as a
proxy for solar EUV flux. In the intervening years, signifi-
cant attention has been focused on correctly accounting for
long- and short-term variability of ¢, (A) shortward of 25
nm — wavelengths responsible for significant ionization in
the E-region ionosphere at altitudes below 160 km. Contem-
porary spectral solar models, such as EUVAC [Richards et
al., 1994] and SOLAR2000 [Tobiska et al., 2000] have pref-
erentially increased the mean flux of the Hinteregger et al.
[1981] spectrum in these short A bins to reconcile model cal-
culations with photoelectron flux measurements during the
AE-E satellite epoch. Recent measurements of solar soft
X-ray fluxes by SNOE (Student Nitric Oxide Experiment)
[Solomon et al., 2001] and from the TIMED (Thermosphere
— Ionosphere — Mesosphere and Dynamics Explorer) satel-
lite [Woods et al., 2005] have generally confirmed the short
wavelength performance of EUVAC model scaling.

The EUVAC solar flux model specifies ¢,,, for twenty 5
nm wide bins from 5 to 105 nm, corresponding to the so-
lar EUV continuum, and 17 additional bins corresponding to
discrete line emission from multiply ionized species. Refined
low-altitude performance is achieved in GLOW by using a
1 nm version of the EUVAC solar flux and appending the
short wavelength portion of the EUVAC reference spectrum
with seven additional bins down to 0.1 nm [Solomon et al.,
2001; Bailey et al., 2002].

The GLOW model provides a full calculation of photo-
electron generation and transport based on the Nagy and
Banks [1970] two-stream algorithm. Since photoelectron
flux is initially driven by zenithal solar photoionization, we
expect that thermospheric variability will impact its contri-
bution to steady state N, as previously described for the pri-
mary solar photoionization. Herein, we investigate the over-
all contribution of photoelectron flux to equilibrium mean
Ne by running the GLOW model with and without the pho-
toelectron flux algorithm.

(16)

GLOW model N, is compared with ISR-derived mean N,
in Figure 8 for the most highly sampled bin (x = 45 and
Fi10.7 = 155). This figure indicates that photoelectron flux
accounts for 50% of the steady state N, at 110 km, and that
the full model agrees with the ISR mean N, to within +
10% over the altitude range from 105 to 140 km. A global
average of ISR and GLOW model N, across all parameter
space (Figure 9) indicates an agreement to within +5% for
all altitudes between 105 and 180 km.

We now examine the GLOW model, as perturbed with
the known thermospheric variability in T.(z) and To, to see
how well estimated var(N,) agrees with ISR measurements
across Fio.7 — x parameter space (Figure 10). In this figure,
modeled N. with appropriate deviation envelopes (purple)
are overlain on the ISR variance envelopes (blue) previously
shown in Figure 7.

For the ten most highly sampled bins, this figure indi-
cates close agreement of modeled and measured mean N,
with the exception of a modeled excess for altitudes above
approximately 170 km. In general, modeled N, variance
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envelopes are shown to more closely match the ISR mea-
sured envelopes at solar maximum. This would imply that
the wider variation in N, measured at solar minimum can-
not be reconciled by simply perturbing the thermospheric
inputs to the GLOW model. One also notes that the previ-
ously identified low-altitude enhancement in ISR mean N,
for solar maximum conditions is at an altitude consistent
with the peak altitude for modeled 3 to 7 nm soft X-ray and
H Lyman-3 ionization [L. Qian, personal communication,
2005]. No such feature is observed for highly sampled solar
minimum bins.

5. Discussion

We have assumed herein that our auroral filtering scheme,
based on statistics of X /Xp, and including a correction
for low-energy diffuse precipitation, is viable. In order to
directly test for hard auroral rejection, we compare select
Ne(z) bins in Figure 7 with quiet time subauroral N.(z)
profiles acquired at the Millstone Hill Incoherent Scatter
Radar corresponding to the same Fip.7 and x conditions
[Buonosanto et al., 1995]. These Millstone Hill measure-
ments were made with a 40 us pulse which provides 6 km
resolution comparable to the 3 km resolved data reported
herein for Sondrestrom. Millstone Hill N. measurements
must be made in winter to match the range of summertime
x measured at the higher latitude Sondrestrom site. These

subauroral N, measurements are presumed to be free of au-
roral ionization and, in the one case, acquired coincident
with sounding rocket EUV spectral measurements. Figure
11 shows that Millstone Hill profiles are within 1 o of Sondre-
strom ISR N, for altitudes up to 160 km, with the exception
of one single data point at 140 km on November 10, 1988.
Figure 11 also shows a significant divergence of Millstone
Hill N, above 160 km relative to the Sondrestrom mean Ne.
These enhanced densities, exceeding even those predicted by
the GLOW model (Figure 10), occur at an altitude where
direct O - molecular ion recombination loss (E-region) and
0" - molecular neutral charge-exchange-recombination loss
(F-region) are equally dominant, and thus highly sensitive to
plasma temperature, neutral temperature, and relative ion
- neutral drift. Suppressed ion loss at such altitudes would
be expected for the low To wintertime conditions at the
time of the Millstone Hill measurements. However, when
we compare mean T from Sondrestrom ISR Fi9.7 — x bins
with corresponding Millstone Hill T, for the three dates in
question, we see that Millstone Hill is at most 118° K cooler
than Sondrestrom — a temperature offset unlikely to have
such a dramatic impact on the number density of neutrals
available for charge exchange. The discrepancy could also
be a lower altitude signature of the F-region winter anomaly
[Torr et al., 1980] provided that sufficient time has elapsed
for downward plasma diffusion from the F-layer peak.
Overall, we see good agreement for the three test cases
in an altitude range sensitive to energetic electron aurora



with Eo > 3 keV. Because these quiet time Millstone Hill
N, profiles are unlikely to be subject to such hard auro-
ral contamination, we conclude that our first stage auroral
rejection filter is viable. We now consider our low-energy
correction scheme in Section 3.2.

Contamination of daylit profiles by low-energy electron
precipitation is unavoidable using our first stage conduc-
tance filter and thus a correction is needed. Without such
correction, GLOW model predictions are 22 to 36% too low
relative to ISR measurements over an altitude range from
100 to 180 km. As we have argued previously, our model for
low-energy precipitation is based on the assumption that
low-energy auroral contamination is governed by proximity
to the instantaneous auroral oval and that for a fixed ge-
omagnetic latitude, this proximity is mostly dependent on
MLT. By examining MLT, Ap index, and solar cycle depen-
dence, we show in Figure 6 that low-energy precipitation is
mostly dependent on MLT. We now consider the possibility
that low-energy auroral contamination impacts our observa-
tion of solar cycle dependent N, variance and low-altitude
enhancements.

As pointed out in Figure 7, the ISR measured N, variance
envelope is consistently broader at solar minimum, relative
to solar maximum, for highly sampled bins. In order for
the observed increase in N, variability to be attributed to
residual low-energy precipitation, we should expect to see
significant solar cycle modulation of low-energy N.. The
lower panel of Figure 6 shows little change in mean N, pro-
file from the F19.7 = 75 to F19.7 = 175 bin. We thus conclude
that the observed variability in ISR N, at solar minimum is
unlikely to be due to low-energy electron precipitation.
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In these solar minimum bins, ISR measured N. devia-
tion always exceeds GLOW modeled N. deviation (due to
T. and To perturbations) at all altitudes. The variation in
N, given by the GLOW model is based solely on thermo-
spheric perturbation and takes no account for the long-term
variability in the EUV solar spectrum. Sondrestrom ISR N,
data, therefore, provides an important signature for solar
cycle control of spectral variability.

The low-altitude N. enhancement noted for 5 out of 6 of
the most highly sampled solar maximum bins in Figure 7
is also unlikely to be produced by a low-energy source; soft
electron precipitation from 3 keV class electrons will cre-
ate peak ionization some 15 km higher [Rees, 1989]. Proton
precipitation would require E¢ on the order of 15 to 20 keV
to reach such altitudes [Galand and Richmond, 2001], and
such energies are excluded by our first-stage conductance fil-
ter. As noted previously, this feature occurs at an altitude
corresponding to the ionization peak for 3 to 7 nm soft X-
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Figure 12. N. Comparison for Fig.7 = 75



ray and H Lyman-$ spectral components. ISR data indicate
that this feature is absent for highly sampled solar minimum
bins. The GLOW model, which invokes an F1¢.7-dependent
modulation of solar spectral flux, reproduces this N, feature
across all bins in F19.7 — x parameter space. Thus, ISR mea-
surements indicate that significant attenuation of soft X-ray
and H Lyman-f radiance, below standard GLOW model es-
timates, is required at solar minimum.

Overall, we see 5% agreement between GLOW model
estimates and ISR mean N, for altitudes below 170 km.
Above 170 km, we note that the GLOW model estimates
diverge relative to ISR mean N.. For solar minimum con-
ditions (F10.7 = 75) the ISR measured HmF1 is well below
200 km and the GLOW model HmF1 is at or above 200
km (Figure 10, column 1). In column 1, we also note that
the ISR measured HmF1 displays a systematic increase with
increasing xy — an observation consistent with slant path il-
lumination geometry. The solar maximum column (Fi9.7 =
175) suggests this same trend as the topside ISR profiles
evolve from asymptotic (x = 45°) to divergent (x = 77°).
Such systematics are unlikely to result from our A16/LP
data merging technique (described in Section 2). A more
likely explanation is that the GLOW model is a photochem-
ical equilibrium model unable to account for the vertical ion
diffusion that begins to impact plasma density in the F1 re-
gion. An underestimate in E- and F-region chemical recom-
bination rates, rates driven primarily by modeled N2 and
02 abundance, might also be invoked to explain the GLOW
model topside density enhancement. In order to account
for such recombination and transport effects on average F'1
region N, an empirical ISR-based model is required.

Ad hoc modifications to the shape of the baseline so-
lar spectra could theoretically be determined by trying to
match the altitude profile of ISR mean N.(z) profiles with
the same inversion techniques used to extract primary elec-
tron number flux spectra [Semeter and Kamalabadi, 2005].
The success of solar spectral inversion will rest on how well
ionization contributions from individual A bins can be par-
titioned to describe a unique orthogonal basis set. Such
analysis is left as a future exercise and we now consider a
simple empirical model of photoionization Nc(z). Such a
model can provide a better N. estimate at altitudes above
170 km where GLOW model photochemical equilibrium as-
sumptions break down.

Despite the differences in measured and modeled topside
N¢, the GLOW model can assist in the creation of an ISR-
based empirical model for NmF1, HmF1, and layer width

Table 1: Photoionization Model Coefficients

AU Al A2
1.610 x 10'" —1.060 x 10"°  1.405 x 10"°
A, A, A,
5.696 x 100 2.751 x 10"  —6.366 x 10°
BO Bl B2
148.5 6.534 10.46
CO Cl C2
42.52 5.078 3.539

(Wo) across the Fio.7 — x parameter space. Gaussian fits to
output from multiple runs of the GLOW model suggest that
NmF1 is well represented by a second order function in Fig.7
and x, and that HmF1 and Wy are well represented by first
order functions in Fig7 and x. This observation suggests a
regularization scheme:

NmF1=A, + A,z + A,y + A,z + Ay + Ayzy, (17)

HmF1 = B, + B,z + By, (18)

Wo=C,+C,z + C,y, (19)
where z and y are simple indices related to position in Fig.7
— x parameter space,

z = (Fio.7 — 55)/20, (20)

y=K—-37/8, (21)
and A, B, and C are fit coefficients derived from a least
squares estimation approach.

Our first step in deriving A, B, and C is to fit ISR mean
Ne(z) with a Gaussian function so as to extract working val-
ues for NmF1, HmF1, and Wy in all 30 Fi9.7 — x bins. We
assume that these working values are estimates for mean
NmF1, HmF1, and W, with a variance equal to the inverse
of the sample number in each bin. As one might expect,
arrays of NmF1, HmF1, and Wy are not smooth across
parameter space, especially for transitions from poorly to
highly sampled bins. We invoke a least squares regular-
ization scheme that incorporates the functional dependence
suggested by equations (17) through (19) above and that is
weighted by the number of samples per bin (inverse vari-
ance). Table 1 lists numerical values of optimal fit coeffi-
cients for this model.

For the previously identified highly sampled bins, our
model fits ISR N, to within 1.5 o. Figure 12 shows typ-
ical ISR model comparison for solar minimum conditions
Fi0.7 = 75 when the empirical model is well within 1 o of
the ISR mean N..

6. Conclusions

In this study we have investigated through measurement
and modeling the long-term behavior of high-latitude quiet
time solar photoionization. Sondrestrom ISR measurements
of mean and variance Nc(z) profiles were compiled over a
nearly nine-year period on 30 bins defined by Fip.7 and x.
By comparing high-latitude N, with mid-latitude measure-
ments at similar Fi0.7 and x, we have shown that conduc-
tance ratio filtering is effective in culling quiet time events
from a statistically large database of high-latitude daytime
profiles. By characterizing low-energy ionization flux at
night as parameterized by MLT, we have been able to re-
move ionization effects from daytime N, profiles for electrons
with Eo < 3 keV and for protons with Eg < 13 keV.



A major result of our ISR analysis is that N variability is
greatest at solar minimum and that a persistent low-altitude
N. enhancement is detected only during solar maximum con-
ditions.

In order to further investigate these features, the GLOW
model has been invoked. We show that this model, when
suitably enhanced for spectral components shortward of 5
nm and with inclusion of photoelectron flux, can predict
ISR-based mean N, to within +5% across all bins in Fi9.7 —
X parameter space for altitudes up to 170 km. The contri-
bution to steady-state N. by photoelectron flux is shown to
be on the order of 30 to 50% over this altitude range. The
failure of GLOW photochemical equilibrium calculations to
match ISR measurements of HmF1 in the 170 to 200 km
region suggests either the effects of vertical ion transport
or chemical recombination and we have introduced an ISR-
based empirical model to address this discrepancy.

Thermospheric perturbations to the GLOW model have
allowed us to address the source of variability highlighted in
the ISR N, measurements. Specifically, the modeled vari-
ance envelope nearly matches the ISR observed variance at
solar maximum and accounts for no more than half of the
ISR observed variance at solar minimum. We have further
shown that low-energy aurora is unlikely to account for such
variability due to its relative constancy over the solar cycle.
We thus conclude that variability in the solar EUV flux plays
a dominant role during solar minimum conditions.

We further note that the altitude associated with the per-
sistent low altitude N, enhancement is the same as the peak
deposition altitude for photoionization due to 3 to 7 nm soft
X-ray and H Lyman-3 emission. The absence of such an
ionospheric enhancement at solar minimum indicates that
significant attenuation of soft X-ray and H Lyman-£ radi-
ance, below standard GLOW model estimates, is required
at solar minimum.
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