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Abstract. This exploratory study of ionospheric electron density N, profile
assimilation concerns the extraction of information on exospheric temperature T,
atmospheric composition [O] and [N2], meridional thermospheric winds, and solar
EUV flux. These parameters are used as input variables to an ionospheric model
and adjusted, one, two, or three at a time, to bring the model N, profile into best
agreement with an experimental N, profile. The important ambiguity /uniqueness
issue in the multiple-variable fit, which has yet to be addressed in the literature, is
discussed. We found the following: (1) In a single-variable fit, any variable tested
may be adjusted successfully to improve the data-model fit, but the validity of
the derived variable generally depends on the validity of the values chosen for the
fixed parameters. (2) The best fit model profile from a single-variable fit sometimes
shows clear differences from the measured profile, indicating that multiple-variable
fitting is warranted. The multiple-variable fit often greatly reduces the model-data
profile differences and improves the error bars on the derived parameters. (3)
Multiple-variable fits often show large variable correlations, indicating that variable
determination is often not unique. (4) The meridional wind often shows weak
correlation with other variables, suggesting that the meridional wind and any other
parameter can be reliably extracted, provided that the other atmospheric variables
are known. (5) [N] often shows strong correlation with other parameters (except
with the wind). The EUV flux and [O] also show large correlation. (6) The T,;-[O]
and T,;-EUV pairs show medium to high correlation. (7) The three-variable fits
nearly always show large ambiguities in the derived parameters.

1. Introduction

The need to forecast thermosphere/ionosphere weath-
er based on simple current and past data tells its own
tale in the era of space weather. Pulling out the physics
of the neutral atmosphere from ionospheric data and
applying it back to future forecasting offers a feasible
resolution to some space weather problems. As a first
step, this paper asks what information can be extracted
from ionospheric electron density measurements by as-
similating them into an ionospheric model.
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Incoherent scatter (IS) measurements of the free elec-
trons in the ionosphere provide a powerful means of
characterizing the neutral atmosphere. The neutral
wind, for example, may be estimated from the plasma
drifts, and the neutral temperature may be estimated
from the plasma temperature. Electron density is the
easiest quantity to measure with IS experiments, yet
deduction of thermospheric quantities from the electron
density is fraught with difficulties, owing to the numer-
ous processes that affect the electron density: photo-
chemical, dynamic, and energetic.

Approaches have been developed to use the peak elec-
tron density of the F> layer Npax and the height of
the peak hmax, which are relatively easily acquired by
ionosonde, to extract certain information. The merid-
ional neutral wind has been extracted from huy,y [Miller
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et al., 1986; Buonsanto et al., 1989; Richards, 1991;
Titheridge, 1993], and the neutral atmospheric com-
position/temperature have been extracted from Nmax
[Richards et al., 1998]. While these approaches do pro-
vide useful results, they have limitations. There are
practical difficulties in deducing hmax from ionograms.
First, the ionogram Msg00 factor, along with Nmax,
has been often used to estimate hyax. This empiri-
cal method of deducing Amax, convenient for handling
a large amount of historic data, leads to an inherent
uncertainty of 20-25 km, on average, which results in
an uncertainty of some 10 m s~ for the wind. Second,
N, sometimes varies little with altitude around Amax
such that the “peak” height is either hard to locate or
loses its practical meaning. Third, there are occasions
(disturbed periods and summer conditions) when o+
may be depleted to an extent that the maximum den-
sity in the ionosphere occurs at the peak of the lower
molecular-ion layer; such a circumstance would invali-
date wind estimation from hmax as O ions are assumed
in that technique. Further, Zhang et al. [1999] con-
sidered that it is necessary to match both hmax and
Nmax to reasonably extract atmospheric composition
and winds, pointing out that ambiguities occur if either
peak descriptor is used alone.

Besides the peak parameters, the ionospheric elec-
tron content (IEC) has been applied to determine at-
mospheric conditions using numerical simulation [An-
toniadis, 1977). In this approach, IEC and Nmax, 8iv-
ing the ionospheric “slab thickness,” are assimilated
to a numerical model to calculate the exospheric neu-
tral temperature T,;. IEC contains electron density
information over a wide height range but in a height-
integrated sense.

In the current paper we explore the option of taking
into account the entire N, profile, rather than its sim-
plified peak or integrated descriptors. There is a large
amount of information available in the profile, and we
seek to determine how to extract it.

To derive atmospheric conditions from ionospheric
measurements, it is essential to have an ionospheric
model to quantify the ionospheric responses to atmo-
spheric variations. The atmospheric variables, winds,
composition, and temperature, should be freely ad-
justable in the model. If a single variable is adjusted,
the other variables must be specified experimentally or
empirically. The validity of empirical values, however,
often can be questioned, and the validity of the derived
results are often highly dependent on the validity of
the assumptions. For a multiple-variable fit there arises
the further concern about the uniqueness of the results.
This important “ambiguity” or “correlation” question
has yet to be addressed in the literature.

Our exploratory study presented here concerns the
data assimilation/forecasting question and provides in-
formation on what can and cannot be done with the
electron density profile fitting approach. We run a first-
principles model to simulate measured N, profiles to
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determine which physical parameters can be so derived
and how uniquely they can be derived. The physical
parameters of interest to us are the exospheric temper-
ature T,;, atomic oxygen density [O], molecular nitro-
gen density [N3], meridional winds, and solar EUV flux.
We will adjust one, two, or three of these parameters at
a time for the best fit between modeled and measured
electron density profiles. In this paper we describe the
data and model used in section 2 and the fitting method
in section 3, then present and discuss our results for
single-variable fitting in section 4, for two-variable fit-
ting in section 5, addressing the important uniqueness
problem, and briefly for three-variable fitting in section
6. We summarize our investigation in section 7.

2. Data and Model
2.1. Data

The Japanese middle and upper (MU) atmosphere
radar at Shigaraki (34.85°N, 136.1°E) conducts monthly
incoherent scatter (IS) experiments to measure altitude
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Figure 1.  Diurnal variations obtained by varying
exospheric temperature T,: (a) derived T, (dots with
error bars), (b) [O]/[N2] ratio at 300 km altitude (dots),
and (c) goodness-of-fit x2. The solid lines in Figures 1a
and 1b represent the corresponding Mass Spectrome-
ter and Incoherent Scatter (MSIS) variations. Points
missing from the plots are off scale.
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Figure 2. Diurnal variations obtained by varying [O] (left panels) and [N»] (right panels): (a)
derived [O] (dots with error bars, left panel) and [N3] (dots with error bars, right panel), (b)
[0]/[N2] ratio at 300-km altitude (dots), and (c) goodness of fit x?. The solid lines in Figures 2a
and 2b represent the corresponding MSIS variations.

profiles of ionospheric electron density and either drift
velocity or temperature. The first 15 min of each hour
is used to measure electron density while the remaining
45 min is used to measure either the ion drift velocities
(parallel and perpendicular to the magnetic field lines)
or temperature (so velocities and temperatures are not
attainable in the same experiment). The density is mea-
sured with 9.6-km range resolution. We consider here
the density-temperature experiment conducted on Oc-
tober 5, 1989. The daily solar 10.7-cm flux level was
218 units, and its 3-month average was 223. The Ap
index was 5.

2.2. An Assimilative Ionospheric Model

The model [Zhang and Huang, 1995; Zhang et al.,
1999] solves the O diffusion equation, derived from
the continuity and the momentum equations, and the
continuity equations for NO+, OF , and N7 to compute
N, over 100- to 500-km altitude. The lower boundary is
assumed to be in photochemical equilibrium. The upper
boundary density is set to the measured electron den-
sity (or its scale height). Plasma temperatures are set to
measured values (and this is the main reason why we se-
lect density-temperature data, rather than density-drift
data, for this study). Photoelectron impact is consid-

ered with a formula for the ratio of secondary produc-
tion to photoionization as given by Richards and Torr
[1988]. We allow for the effects of vibrationally excited
N, by using the rate coefficient for the reaction of O
with Ny as expressed by Buonsanto [1995]. We use an
empirical model of meridional ion drifts perpendicular
to the geomagnetic field [Zhang et al., 2001] to allow
for the E x B drift contribution to the ion vertical
motion. This MU radar ion drift model (MUIDM) de-
scribes the mean diurnal, seasonal, and solar activity
variations of the F region ion drift, as determined from
the IS measurements made by the MU radar during the
years 1986-1997.

We use the MU radar wind climatology developed
by Kawamura et al. [2000] to represent the meridional
wind used in the model. This horizontal wind model-
like [see Hedin et al., 1991] model gives meridional wind
as a function of local time, day of year, and 10.7-cm
flux. The wind is assumed to be height-independent.
The neutral concentration and temperature are given by
the mass spectrometer and incoherent scatter (MSIS86)
model [Hedin, 1987] and the solar flux by the EUV
model for aeronomic calculations (EUVAC) [Richards
et al., 1994]. We modify these parameters (meridional
winds, atmospheric composition and temperature, and
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Figure 3.

Comparison of the experimental profile (circles), the model profile with best [O]

(solid lines), and the model profile with “default” (MSIS) [O] (dashed lines).

EUV flux) from their empirical model values, one, two,
or three at a time, for the best fit between model and
data.

3. Fitting Method

Section 2 described the “default” specifications for
the meridional wind, atmospheric composition and tem-
perature, and EUV flux used in the model. For any
given model calculation, we hold all specifications/vari-
ables constant except for one to three variables, and

these variables we either multiply by a constant factor
or add a constant value to. We consider five variables
that are critical for driving the ionospheric electron den-
sity variation in our study: exospheric temperature T,
atomic oxygen density [O], molecular nitrogen density
[N2], EUV flux, and meridional wind velocity. The cor-
responding multiplicative factors are fr, fo, fn,, and
feuv, and the additive neutral wind increment is A,,.

We determine the optimal values for fr, fo, fn,,
feuv, and A, by minimizing the function x?2,
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where M, is the model electron density, N, is the ex-
perimental electron density (density here is in units of
10'° m~=3), and L is the number of degrees of freedom
of the fit, equal to the number of measurements over
the height range minus the number of variables being
fit. We accomplish this determination with a standard
nonlinear least squares fitting algorithm of the type pre-
sented by Bevington and Robinson [1992], which also
provides estimates of the uncertainties of the parame-
ter determined and their interparameter binary corre-
lations.

4. Single-Variable Fits

Now we adjust only one model variable at a time.
Sections 4.1-4.5 will present our fits for each of the
five variables and also discuss the relevant physical pro-
cesses. The result for a fitted variable may be mean-
ingful only to the extent that the fixed variables were
assigned valid values. IS radars often measure multiple
variables, such as thermospheric winds, neutral temper-
ature, and atomic oxygen [O], and in those cases we can
fix those variables with confidence.

12,825

4.1. Adjusting Exospheric Temperature T,

In this fit, T, is adjustable, and all other model input
variables are fixed to default values. In the MSIS model,
T,; is the very first parameter determined, thenceforth
neutral densities are calculated. We multiply the MSIS
T.; by the factor fr and then insert it back into the
MSIS code for computation of the neutral densities and
temperature. T,, determines the scale height of atmo-
spheric species and thus affects the composition: A high
atmospheric temperature corresponds to a large atmo-
spheric scale height, so both [O] and [N2] increase, but
[O]/[N2] decreases owing to the difference in the O and
N2 scale heights. It is largely these changes in neu-
tral densities rather than the change in temperature
itself that affect the M, calculation. Actually, the F5
layer peak density is largely proportional to the [O]/[Ng]
density ratio during the daytime, because the O* pro-
duction rate is basically proportional to [O] while its
chemical loss coefficient is proportional to the molecu-
lar gas density, in particular, [N2], so a photochemical
equilibrium solution of the electron density around the
peak involves the term [O]/[N2].

We use T, essentially as a proxy for affecting [O]/[N.]
change. If other factors have caused [O]/[N2] to change,
then our T, becomes an “effective” exospheric temper-
ature, of reduced physical significance. Several physical
processes can affect this ratio. Global atmospheric cir-
culation can significantly modify the composition ratio,
and changes in conditions at the thermospheric base can
too.
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Figure 1 shows the fitted Te,, the [O]/[N3] values
given by MSIS for these modified T,, values, and the
x? values for the hourly fits. Figures 1a and 1b include
solid lines to show the unmodified MSIS predictions.
We see that an exospheric temperature higher than the
MSIS value is needed by day in order to give the lower
[O]/[N2] ratio needed to match the measured electron
density. In the later evening and around sunrise a lower
T, is needed. The error bars in Figure 1 represent
the standard deviation uncertainty of the fitting result.
Their extreme variability, mirrored by x2, serves pri-
marily to note that there are times when the fit is good
and times when the fit is poor. The poor fits imply that
the model-data difference cannot be explained solely by
an atmospheric composition change. It is questionable
whether such high temperatures are valid. Other means
of changing the composition must be considered.

4.2. Adjusting [O] and [N;]

An alternative way to change [O]/[N2] is to change
[O] or [N,] directly. Here we multiply MSIS [O] directly
by the factor fo, or multiply MSIS [N;] by the factor
fn.. This is equivalent to the modification of [O] or [N2]
at the thermospheric base. We hold the MSIS temper-

and (d) wind-Te, correlation coefficient.

ature unchanged, [N2] unchanged for modifying [O] o
[O] unchanged for modifying [N»], and other variables
fixed to “default” values.

As shown in Figure 2, our fit with either [O] or [Ny]
as the free variable gives almost the same [0]/[N5] vari-
ation, and both show the decrease in [O]/[N2] that was
shown for the T, fit (see Figures 1b and 2b). [O]/[Na]
is smaller in the [O] or [N] fit in Figure 2 than the
Te, fit in Figure 1 because the latter has introduced a
larger neutral temperature and thereby increased the
O* chemical reaction rates. Figure 2 shows only day-
time results as the [O]/[N;] ratio is strictly of photo-
chemical interest. [O] is found to be as low as 30% of
the MSIS value, and [N2] is up to 3 times the MSIS
value. The fits here, especially the [O] fit, are better
than the T¢, fit as can be seen from the x? values for
the fits. The data, default (initial value), and best fit
N, profiles for the [O] fit exercise are shown in Fig-
ure 3. The model and data profiles sometimes show
clear structural differences, indicating that other model
variable(s) may need to be adjusted.

Because of the [0]/[N;] mechanism mentioned in sec-
tion 4.1, increasing [O] or decreasing [N3] produces
quantitatively similar N, variations in the F» region.
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The [O] fit gives generally a smaller x? and so may be
preferred on that basis. Better resolution of this ambi-
guity may come from (1) extension of the altitude range
for the fit, for example, down to the E region or (2) use
of [O] and [N;] as two independent variables. The sec-
ond solution is addressed later in the multiple-variable
sections.

4.3. Adjusting EUV Flux

Changes in the EUV flux result in changes in pho-
toionization rates and thereby modify the electron den-

sity profile. We adjust the flux by the same multiplica-
tive factor fgyv at all wavelengths. A best fit fryuv
can be found for each hourly data profile. If we assume
that the solar flux does not change with local time, the
meaningful factor would be the daytime average of the
hourly fguv factors.

Figure 4 shows the factor fgyy thus obtained for
each hour and the daytime average level. The fitted
EUV flux is smaller than that given by EUVAC. The
fits match the data reasonably well, so the error bars
and x? values are relatively small. The temporal trend
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in the fitted EUV flux is meaningful but may not mean
that the EUV flux actually varies in this manner. It
is more likely that one (or more) of our fixed variables
varies in this manner from its default value.

4.4. Adjusting Neutral Winds

A poleward wind (daytime) moves the ionization down
to a regime of faster chemical loss, so decreasing the
electron density, while an equatorial wind (nighttime)
moves up the F, layer to a regime of slower chemical
loss, so decreasing the rate at which the ionization re-
combines. As stated before, Kawamura et al.’s [2000]
wind climatology is our default meridional wind model.
To adjust this wind, we add a meridional component
Ay

The wind thus derived is shown in Figure 5, along
with Kawamura et al.’s [2000] prediction. We see large
error bars on the derived wind (Figure 5a), especially
during the day. Wind adjustment did not produce a
good fit to the data; if hyax was reproduced well, Npax
was not, and vice versa. In fact, the fitting results
shown in sections 4.1 and 4.2 have indicated that the

MSIS [O]/[Ng] is likely too large. Figure 5b shows winds
obtained when we decrease [O] by 40% from the default
MSIS [O]. Obviously, with such a change in [O], we
can obtain much better fits during the day: smaller x?
and smaller error bar on the derived wind. This test
has linked two different fitting parameters and actually
evoked an important issue on how dependent one pa-
rameter could be on another. This is addressed more
fully in later multiple-variable fit sections.

4.5. Summary

From the above results we see that any variable tested
may be adjusted successfully to improve the data-model
fit, but the validity of the single-parameter result gen-
erally depends on the validity of the values chosen for
the fixed parameters. Since these fixed parameters may
often be measured, for example, by IS radar, a single-
variable fit technique could be applied to IS radar stud-
ies and provide reliable results. The best fit model pro-
file and measured profile sometimes show clear differ-
ences, indicating that multiple-variable fitting, as shown
in sections 5 and 6, is warranted.
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5. Two-Variable Fits

There are 10 possible combinations for adjusting five
parameters, two at a time. Figures 6-12 display results
for those 10 cases, including the values of the parame-
ters themselves (dots with error bars; solid lines show
default values), the goodness of fit x?, and the corre-
lation coefficient between the two variables. The x?2
values here are generally an order of magnitude smaller
than those obtained with the single-variable fits in sec-
tion 4. Not only the F5> peak point but now also the
entire profile is matched well (see Figure 7), and the
structural differences between the model and the data
seen in the single-variable fits have almost disappeared.

5.1. Combinations With Wind

We discuss here the four cases for which the wind
is a free variable. The wind-T,,; combination gives a
very good fit for the whole day except briefly around
sunrise (Figure 6), in the sense that x? and the error
bars on both parameters are rather small, and the wind-
T., correlation coeflicient is very small. The correlation
high at night but low by day is interesting and has, we

suggest, the following interpretation. In the daytime
a slight increase in T, causes hpax to move upward
(diffusion less important) and Npax to decrease (lower
[0]/[N2]). A southward wind causes hAmax and Npax t0
increase, but no wind change can cause hpax to increase
and Npax to decrease. So a wind change cannot dupli-
cate a T, change. At night, on the other hand, neither
a T, nor a wind change causes Npax to vary directly
but only changes the rate at which Np,,x will decay in
future hours. Both T,, and wind changes do change
hmax directly, and so a wind change can be found to
counter or duplicate a T,; change, and the correlation
is correspondingly high.

The low correlation coeflicient during the day indi-
cates that the meridional wind and T,, could be deter-
mined by our fitting method without ambiguity. The
wind thus derived averages ~ 25 m s~! more southward
than Kawamura et al.’s [2000] prediction. T, being so
much larger than the MSIS model value, as happened in
the single-variable fits also, seems questionable. T, is
most important as a means for establishing the [O]/[Ny]
level, and other ways of changing the composition must
be considered. Figure 7 shows how very well the model
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electron density profiles compared with the measure-
ment data.

Now we consider fits by varying directly composi-
tions, along with meridional winds. Figures 8 and 9
show the results for the wind-[O] and wind-[N3] cases.
While both [O] and [N2] contribute to changing the ra-
tio [O]/[N2], the goodness of fits is different for the [O]
and [N2] cases, and the difference varies with local time.
Both fits have acceptable correlation coefficients and so
would be able to give the meridional wind and [O] or
[N2] independently. Owing to the [O]/[N2] control of
the electron density, it is not surprising that the trend
in the wind-[O] coefficient variation (Figure 8d) looks
opposite to the trend in the wind-[Ns] variation (Fig-
ure 9d). As in the single-variable case, the validity of
the two determined variables is dependent on that of
the default variables. IS measurements provide atmo-
spheric and ionospheric data for better specifying those
default values. T, and [O], for instance, can often be
extracted from the IS data [Bauer et al., 1970]. By us-
ing the experiment-based [O] and T, we would be able
to determine [Na].

The wind-EUV combination (Figure 10) produces a
fit similar to that of the wind-[O] combination, because
modifications of both EUV and [O] have similar effects
on O" production. Again, the correlation coefficient is
small. The temporal trend in the fitted EUV flux may
likely mean that one (or more) of our fixed variables
varies in this manner from its default value.

From the descriptions given above we see that these
four combinations involving the variable meridional wind
present small x? and, most important of all, generally
weak and acceptable correlation in the fits. These sug-
gest that it would be possible to determine without
ambiguity the meridional thermospheric wind and any
other parameter, such as [O], [Nz], or EUV flux, using
our current assimilation technique, provided the corre-
sponding default parameters are known.

5.2. Combinations With T,

We have discussed the combination T..-wind in sec-
tion 5.1; now we discuss the remaining three T, com-
binations. Although changes in Te, result in changes
in [O] and [N»] such that the variable pairs Te,-[O] and



