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Height distribution of ionospheric plasma parameters in the F2-region is closely related to height
distribution of the main thermospheric parameters. Therefore, they can be extracted from ionospheric
observations solving an inverse problem of aeronomy. A self-consistent approach to the Ne(h) model-
ing at the F2-region heights has been applied to solve the problem. Using routine incoherent scatter
radar observations (Ne(h), Te(h), Ti(h), Vi(h) profiles) the method yields a self-consistent set of main
aeronomic parameters responsible for the F2-region formation. The list of derived parameters in-
cludes: neutral temperature profile Tn(h) depending on the exospheric temperature Tex, the temperature
at 120 km T120 and the shape-parameter S, which determine the temperature profile, concentration of
neutral species [O], [O2], [N2], vertical plasma drift W, which may be converted to the meridional ther-
mospheric wind Vnx, total solar EUV flux and ion composition (O+, O2

+, NO+, N2
+, N+) as a result of

Ne(h) fitting. Therefore, the method gives a complete description of the upper atmosphere condition in
the vicinity of incoherent scatter facility for the periods of observation. Analysis of all available EIS-
CAT (CP-1, CP-2) observations has shown wide deviations from MSIS-86 model predictions for geo-
magnetically disturbed conditions while the retrieved parameters are close to the model ones for qui-
et periods. The approach turns out to be very useful for physical analyses of the F2-layer disturbance
mechanisms giving a complete picture of the phenomenon in question. Limitations and problems re-
lated to method application are discussed. Under existing conditions when thermospheric observations
are not conducted currently the proposed method may be considered a real tool for thermosphere in-
vestigation and monitoring at least for the periods of ISR observations. 

4.1. INTRODUCTION

The idea of using ionosphere plasma parameter observations to obtain various aeronomic parame-
ters has been implemented and used since the beginning of ionospheric research. Ionospheric obser-
vations are widely used to obtain thermospheric parameters: winds (Mikhailov and Ostrovskii, 1978;
Miller et al., 1986; Richards, 1991; Titheridge, 1995; Igi et al., 1999), vertical plasma drifts in the
equatorial F2-layer (Hari and Murthy, 1995; Ramesh and Sastri, 1995; Batista et al., 1996), neutral
composition and winds (Richards and Wilkinson, 1998; Wright and Conkright, 2001). Using observed
TEC variations thermospheric winds were found by Sethia et al. (1983), Förster and Jakowski (1988),
exospheric temperature by Antoniadis (1977) and atomic oxygen by Lilensten and Blelly (2002).
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Incoherent Scatter Radar (ISR) observations turned out to be the most appropriate for such analy-
ses as they provide the most reliable and consistent set of ionospheric plasma parameters in E-, F1-,
and F2-regions. Much valuable and interesting information on thermospheric winds, temperature and
neutral composition has been obtained from ISR data analyses (e.g., Alcaydé et al., 1974, 1982; Bab-
cook and Evans, 1979; Evans et al., 1979; Oliver, 1979, 1990; Alcaydé and Fontanari, 1986; Burn-
side et al., 1988, 1991; Winser et al., 1988; Blelly et al., 1992; Buonsanto et al., 1992; Aruliah et al.,
1997; Lathuillère et al., 1997; Buonsanto and Pohlman, 1998; Schoendorf and Oliver, 1998; Witasse
et al., 1998; Buonsanto and Witasse, 1999; Litvin et al., 2000). The main approaches are based on
the use of the energy equation for O+ ions to find atomic oxygen concentration and neutral tempera-
ture at the F2-region heights and on the momentum equation for O+ ions to retrieve meridional ther-
mospheric winds.

Usually a ionospheric parameter being fitted in model calculations depends on many input aero-
nomic parameters – some of them are more critical, others are less. It is always possible by varying
one of the main aeronomic parameters to fit the ionospheric one, meanwhile the other parameters are
taken from outside (e.g., empirical models or observations). Therefore, one obtains a partial solution
and this is a special problem to estimate its validity. The more ionospheric variables are simultane-
ously fitted, the more reliable solution (as a set of aeronomic parameters) is obtained. In this case the
extracted aeronomic parameters are not arbitrary but constitute a self-consistent set. Thus we come
to the idea of a self-consistent approach to the ionospheric modeling proposed by Stubbe (1973).

Fitting the whole Ne(h) profile opens many possibilities to extract aeronomic parameters as it contains
a large amount of information. But this is a complicated problem which requires for its solution an ade-
quate physical model as a tool for analysis, reliable and consistent ionospheric parameter observations
and special methods to extract a consistent set of main aeronomic parameters responsible for the observed
Ne(h) distribution. Nevertheless, attempts are being made in this direction and some progress has been
achieved. Zhang et al. (2001) using ISR observations found one to three of five thermospheric parame-
ters by fitting Ne(h) distribution. A self-consistent approach to the F-region modeling by Mikhailov and
Schlegel (1997) with later modifications (Mikhailov and Förster, 1999; Mikhailov and Schlegel, 2000)
also deals with Ne(h) fitting to retrieve basic aeronomic parameters responsible for the Ne(h) formation
in the mid-latitude F2-region. The choice of Ne(h) as a fitted parameter is due to the fact that this quan-
tity is the most reliable and easily measured with the IS technique parameter while other plasma charac-
teristics are subjected to larger uncertainties. For instance, observed Te and much stronger Ti (compared
to Ne) depend on the ion composition model applied in the fit of the theoretical to the measured autocor-
relation function during the incoherent data analysis. The uncertainty in the actual ion composition may
lead to considerable uncertainties in the derived Ti(h) and Te(h) profiles especially during disturbed con-
ditions. Plasma velocity observation is a complicated technical problem which is not successfully solved
at some ISR facilities (Kharkov, Millstone Hill, for instance).

Recent modifications of the self-consistent method improving its numerical stability, an extension
of the method to non-stationary (twilight and nighttime) conditions, its limitations as well as prob-
lems encountered are discussed in the paper. Thermospheric parameters extracted from EISCAT (CP-
1 and CP-2) and Millstone Hill ISR observations both for quiet and disturbed conditions are pre-
sented in comparison with the MSIS-86 thermospheric model. The role of disturbed thermospheric
parameters in generating F2-layer disturbances is discussed.

4.2. PRESENT DAY STATE-OF-THE-ART

A widespread method in the F2-region physical modeling to obtain observed NmF2 and hmF2
variations is to fit hmF2 by varying vertical plasma drift or meridional thermospheric wind Vnx. While
NmF2 is fitted by changing O/N2 ratio (e.g., Richards et al., 1994a; Mikhailov et al., 1995; Pavlov
and Foster, 2001) or plasmaspheric flux during nighttime hours (e.g., Mikhailov and Förster, 1999).
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This gives some useful information about the thermosphere state especially during disturbed periods
when empirical thermospheric models turn out to be inefficient. Unfortunately, the obtained ther-
mospheric parameters present only a partial solution as NmF2, hmF2 or TEC also depend on other
aeronomic parameters which are fixed to default values during this fitting. Without an independent
control of extracted thermospheric parameters the validity of obtained results remains questionable.

As an example recently obtained in this direction let us consider the results by Lilensten and
Blelly (2002), who modeled EISCAT observations for June 9, 1994. It was a quiet day (Ap=8) dur-
ing solar minimum (F10.7=83) although some splashes of electric field up to 20 mV/m took place
both at the beginning and at the end of the period. The TRANSCAR first principle model (Blelly
et al., 1996) was applied in that analysis. Observed Ne(h) profiles were used to specify NmF2 and
hmF2 variations and Ne(h) integration in the 80-425 km height range gave ITEC. It was shown that
[O] varying within ± 20% with respect to the MSIS model can provide the observed ITEC and NmF2
variations (fig. 4.1). The latter is the expected result as TEC and NmF2 are known to exhibit a pret-
ty good correlation (Das Gupta and Basu, 1973; Kane, 1975; Jakowski et al., 1991), in particular for
this case when only the ionospheric part of TEC below 425 km was considered. With the same cor-
rection of [O] it was possible to obtain Ne, Te, Ti, and Vi height profiles close to EISCAT observa-
tions (fig. 4.2), [O2] and [N2] were fixedto default MSIS values. It was also shown that acceptable

Fig. 4.1. Total electric field measured by EISCAT (top panel). The NmF2 and ITEC variations are shown in the
third and fourth panels. Bold lines are the measurements and the thin lines are the fits with a correction factor
for the atomic oxygen density. Second panel gives the relative errors for NmF2 (upper line) and for ITEC (low-
er line). The bottom panel shows the values of the time varying correction factor for atomic oxygen.
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results can be obtained varying [O2] and [N2], but a correction factor should be larger (1.5-2) in this
case, and this looks unreal for a quiet time period. It is stressed that in reality one can hardly expect
solely atomic oxygen or molecules variations and a multi-parameter fit is required. So, in quiet ge-
omagnetic conditions when empirical thermospheric models like MSIS give reasonable neutral
composition and temperature it is possible to describe fairly well F2-region plasma parameter vari-
ations and this has been demonstrated repeatedly (e.g., Pavlov and Buonsanto, 1997; Richards and
Wilkinson, 1998; Pavlov et al., 1999, 2000; Pavlov and Oyama, 2000 and references therein), but
the situation is more complicated during disturbed periods when large deviations from the MSIS
model take place (Buonsanto et al., 1992; Mikhailov and Foster, 1997; Mikhailov and Schlegel,
1998; Litvin et al., 2000; Pavlov and Foster, 2001). However, in the frame of space weather this is
a promising and perhaps the only acceptable approach. Indeed, space weather requires real-time (or
close to) and global control of the ionosphere and this problem cannot be provided with IS radars.
Such service should be based on the use of cheap ionosondes for the F2-layer parameters and the
positioning system receivers to estimate the TEC.

Fig. 4.2. The four upper panels are the ionospheric profiles at 6 LT, the middle panel at 12 LT and the bottom
panels at 16 LT. From left to right, one gets the electron density, electron temperature, ion temperature, ion ve-
locity parallel to B. The broken lines are the measurements with instantaneous values in dashed lines and the sur-
rounding extreme values in full lines. The modeling outputs are in smoothed lines. The dashed lines stand for no
correction factor in the neutral atmosphere. The dotted lines are with a correction factor of 0.7. The full line (in
the electron density only) for a time varying correction factor. This factor’s values are 0.915 at 6 LT, 0.99 at 12
LT and 0.65 at 16 LT.
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As mentioned earlier, ISR observations are widely used to obtain information on the thermos-
phere. There are two generally used methods based on: i) the use of the energy equation for O+ ions
to find atomic oxygen concentration and neutral temperature in the F2-region (e.g., Evans et al.,
1979; Oliver, 1979, 1990; Alcaydé et al., 1982; Blelly et al., 1992; Schoendorf and Oliver, 1998;
Litvin et al., 2000), and ii) the use of the momentum equation for O+ ions to obtain meridional ther-
mospheric wind (e.g., Lathuillère et al., 1997; Witasse et al., 1998).

Based on the experience obtained since the first publication of the self-consistent method by
Mikhailov and Schlegel (1997), some crucial points should be mentioned which are to be taken into
account extracting thermospheric information from Ne(h) profiles.

1)  Simultaneously measured basic plasma parameters (Ne, Te, Ti, Vi profiles) should be internal-
ly consistent and demonstrate a sufficient accuracy. For instance, EISCAT does provide such obser-
vations, while not all Millstone Hill ISR data can be used for such analysis due to rare observations
or problems with Vi(h) measurements.

2)  An optimal set of searched aeronomic parameters should be specified, which is sufficient for
describing the observed Ne(h) distribution in the chosen geophysical conditions (day or nighttime,
high, middle or equatorial latitudes, etc.). Only these key parameters can be retrieved with an ac-
ceptable accuracy from the observed Ne(h) profile as their contributions are the largest.

3)  Unlike direct F2-layer model calculations when all input parameters can be changed arbi-
trarily, in case of solving an inverse problem of aeronomy the searched parameters constitute some
sort of clusters in which they are self-consistent varying within confined limits. Therefore, the main
parameters should be found simultaneously within the same algorithm and this strongly complicates
the problem. Usually this is not taken into account, and searching for an aeronomic parameter by
fitting an observed ionospheric one, other important parameters are taken from empirical models –
that is the set of aeronomic parameters turns out to be not self-consistent. Such approach is accept-
able to some extent in quiet geomagnetic conditions when thermospheric empirical models like
MSIS provide reasonable neutral temperature and concentrations, but it can not be justified for dis-
turbed periods. 

4.3. METHOD DESCRIPTION

A self-consistent approach to the F-region modeling using ISR observations is described by
Mikhailov and Schlegel (1997, 2000), Mikhailov and Förster (1999). The method was successfully
used to analyze F2-layer storms (Mikhailov and Foster, 1997; Mikhailov and Schlegel, 1998), ion
composition (Mikhailov and Kofman, 2001), and F1-layer disturbances (Mikhailov and Schlegel,
2003). Nevertheless the method is still under development and some modifications to improve its nu-
merical stability as well as its extension for non-stationary conditions are considered in this part of
the paper. The sketch illustrates the idea of the method. Routinely observed and specially prepared
(see later) Ne(h), Te(h), Ti(h), and Vi(h) profiles are used in the F2-region model to fit calculated Ne(h)
to the observed one. The variable parameters are: Tex, T120, shape parameter S for the Tn(h) profile,

INPUT
Routine ISR
observations

Ne(h)
Te(h)
Ti(h)
Vi(h)

OUTPUT
A self-consistent set of

thermosphere parameters
Tn == ϕϕ (Tex, T120, S)

[O], [O2], [N2]
Total EUV solar flux

W(h) � Vnx

Ion composition

F2-region
Physical
model
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Fig. 4.3. An example of EISCAT observations for a disturbed day of August 05, 1992. Initial median (before
polynomial smoothing) profiles calculated over 11:00-12:00 UT time interval are shown. Standard deviations are
not experimental, but show the scatter of profiles within the selected 1 h time interval. 

factors for MSIS [O], [O2], [N2] concentrations as well as for the total EUV flux. Vertical plasma drift
W(h), which can be converted to the meridional thermospheric wind Vnx, is found from the observed
Vi(h) (see later). The whole ion composition is available as a result of model calculations. All pa-
rameters are found simultaneously constituting a self-consistent set. Let us consider the three items
shown in the sketch.

4.3.1. Input ISR data reduction

ISR observations need a special reduction before being used in calculations. The EISCAT CP-1
observations provide range profiles of Ne, Te, Ti and Vi every 5 min (CP-2 every 6 min) with the an-
tenna beam directed along the local geomagnetic field line. Each particular height profile is not
smooth exhibiting fluctuations for some reasons and cannot be used for solving the inverse problem.
Therefore, median (not average) profiles with Standard Deviations (SD) at each height step are cal-
culated over 1.0-1.5 h time interval, which is close to the e-fold time of the daytime F2-layer. It gives
13-17 values to find the median. At Millstone Hill in some experiments the observations are rare
(three per hour) and a 3-4 h time interval has to be used to obtain such median profiles. This is not
convenient especially during disturbed periods when changes in the F2-region are pretty fast. These
median vertical profiles are then smoothed by a polynomial of up to 5th degree before being used in
our model calculations.

Experimental Te(h), Ti(h) and Ne(h) profiles depend on the ion composition used in the fit of the
theoretical to the measured Auto-Correlation Function (ACF). An uncertainty in ion composition may
lead to considerable uncertainties in the derived Te(h) and Ti(h) profiles and to somewhat smaller un-
certainties in Ne(h) (e.g., Waldteufel, 1971; Lathuillère et al., 1983). The effect of varying ion com-
position is most noticeable during disturbed periods, but an appreciable effect may also take place for
quiet periods as well (e.g., Mikhailov and Schlegel, 2003). The largest uncertainties take place at the
F1-region heights where the ion composition changes from molecular to atomic. Therefore, a cor-
rection of the experimental Te(h), Ti(h) and Ne(h) profiles is required. A simple correction proposed
by Waldteufel (1971) may be applied when the deviations in ion composition from the model (used
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in the ISR data analysis) are not large, but in case of strong perturbations this simple correction re-
sults in unreal Te(h) and Ti(h) profiles. In such cases a more sophisticated iterative method considered
by Mikhailov and Schlegel (1997) should be applied, which provides the proper fit to the measured
ACF. Unfortunately, this iterative method requires considerable calculations and cannot be applied
routinely. 

An example of good EISCAT observations for a disturbed period of August 05, 1992 is given in fig.
4.3. Initial median (before polynomial smoothing) profiles calculated over 11:00-12:00 UT time inter-
val are shown. Note small SD in the whole height range telling us about the reliability of observations.

4.3.2. Ionospheric model

A mid-latitude F2-region model includes transport process for O+(4S) and photo-chemical
processes only for O+(2D), O+(2P), O2

+(X2′), N+, N2
+ and NO+ ions in the 150-550 km height range.

A two-component model of the solar EUV from Nusinov (1992) is used to calculate the photo-
ionization rates in 48-wavelength intervals (10-1050 Å). To extend the method to twilight and
dark hours a nighttime ionization source has been added to the model. Nighttime scattered HLyβ
(1026 Å), HeI (584 Å), HeII (304 Å) and radiative recombination emission of O+ ions (910 Å) are
taken according to the Kashirin (1986) model. The photo-ionization and photo-absorption cross-
sections are obtained from Torr et al. (1979), Richards and Torr (1988), Richards et al. (1994b);
and from Ivanov-Kholodny and Nikoljsky (1969) for X-ray emission. The list of chemical
processes used in the model is given in table 4.I. As long as we work above 150 km the contribu-
tion of neutral NO can be neglected and corresponding reactions are not in the list. Atomic nitro-
gen being used in some reactions (table 4.I) is taken from the MSIS-86 model. The most impor-
tant for the F2-region chemistry is the O++N2 reaction. Recent flowing afterglow laboratory
measurements by Hierl et al. (1997) of this reaction rate are used in the model. These measure-
ments were made at Tn=Ti = Tv (where Tn – neutral, Ti – ion temperatures and Tv – vibrational tem-
perature of the excited N2) in a wide temperature range and take into account the effects of vi-
brationally excited N2

*
. This may be important for summer high solar activity conditions (e.g.,

Pavlov and Buonsanto, 1997; Pavlov et al., 1999 and references therein). A comparison of differ-
ent O++N2 reaction rate constants using EISCAT observations has shown that the Hierl et al.
(1997) rate coefficient for this reaction may be recommended for aeronomic calculations
(Mikhailov and Schlegel, 2000). The experimental dependence from Hierl et al. (1997) was ap-
proximated by a polynomial to be used in the model. In the auroral zone strong horizontal E × B
drifts of the ions increase the effective temperature for this reaction. According to Schunk et al.
(1975) we accept Teff = (miTn + mnTi)/(mn + mi) + 0.329 E2 where E is in mV/m.

Concentration of O+(4S) ions is calculated from the continuity equation

t
n

h
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Vi is measured total vertical velocity of plasma (Vi = Vl sinI at EISCAT) and W is vertical plasma drift
due to thermospheric winds and electric fields. The first right hand term of eq. (4.2) is the diffusion
velocity for O+ ions (≠ Ne) from Banks and Kockarts (1973). Observed and smoothed (see earlier) Te

and Ti values are used in calculations. Expression (4.2) specifies W, which in principle can be con-
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verted to the meridional thermospheric wind. This is a standard approach usually applied to find
meridional thermospheric winds from ISR observations (e.g., Buonsanto and Wittasse, 1999 and ref-
erences therein). Neglecting vertical neutral winds (possible under small Joule heating conditions),
the meridional neutral wind Vnx can be found from .sin cos cos sin cos cosW V I I D V I I Dnx ny= -

At EISCAT due to small magnetic declination (D=1.2°), the contribution of zonal neutral wind Vny

may be neglected. Diffusion collision frequencies νij for O+ are related to momentum transfer collision
frequencies ν* by the expression (see eq. 19.13 in Banks and Kockarts, 1973) m m mij j i j ij

)= +o o_ i ,
where i applies to O+ ions and j applies to other neutral or ionized gas species. Collisions of O+ ions
with neutral O, O2, N2 and only with NO+,O2

+ ions are taken into account. Unlike the previous version
of the method where all ions were included to νij, here we leave only major ones thereby increasing
the numerical stability of calculations. All O+ ion collision frequencies are taken from Banks and
Kockarts (1973). A correction factor 1.2 for ν(O+-O) was applied in accordance with the results of analy-
ses by Pesnell et al. (1993), Oliver and Glotfelty (1996), Buonsanto et al. (1997), Litvin et al. (2000).
The νij, qi, β values in eqs. (4.1) and (4.2) depend on the aeronomic parameters searched for.

Normally the results are rather insensitive to the choice of the upper boundary height within 400-
600 km range and any calculation can be used as a solution (Mikhailov and Kofman, 2001). There-
fore, calculations are made with the upper boundary at 550 km where [O+] = Neobs − ∑ ni is specified.
Ion concentrations ni are known at each iteration of fitting calculated Ne(h) to the experimental one.

Table 4.I. Chemical reactions used in the model.

Reaction Rate coefficient, cm−3 s−1, or rate, s−1

O+(4S) + N2 → NO+ + N ∑Ci × Teff

O+(4S) + O2 → O2
+ + O 1.0 × 10−9/Tn

0.7

O+(2D) + O → O+(4S) + O 1.0 × 10−10

O+(2D) + N2 → N2
+ + O 1.0 × 10−9

O+(2D) + O2 → O2
+(a4′) + O 8.0 × 10−10

O+(2D) + e → O+(4S) + e 6.6 × 10−8(300/Te)0.5

O+(2P) + O → O+(4S) + O 1.8 × 10−10

O+(2P) + N2 → N2
+ + O 5.0 × 10−11

O+(2P) + N2 → O+(4S) + N2 4.0 × 10−10

O+(2P) + e → O+(2D) + e 1.5 × 10−7(300/Te)0.5

O+(2P) + e → O+(4S) + e 3.2 × 10−8(300/Te)0.5

O+(2P) → O+(2D) + hν A = 0.173 s−1

O+(2P) → O+(4S) + hν A = 0.048 s−1

O2
+(X2′) + N → NO+ + O 1.8 × 10−10

O2
+(X2′) + N → N+ + O2 4.0 × 10−10

O2
+(X2′) + N2 → NO+ + NO 1.0 × 10−15

O2
+(X2′) + e → O + O 1.95 × 10−7(300/Te)0.7

N2
+ + O → O+(4S) + N2 1.0 × 10−11(300/Tn)0.23

N2
+ + O → NO+ + N 1.4 × 10−10(300/Tn)0.44

N2
+ + O2 → O2

+ + N2 5.0 × 10−11(300/Tn)
N2

+ + N → N+ + N2 1.0 × 10−11

N2
+ + e → N + N 3.5 × 10−7(300/Te)0.5

N+ + O2 → O+(4S) + NO 3.6 × 10−11

N+ + O2 → NO+ + O 2.6 × 10−10

N+ + O2 → O2
+ + N 3.1 × 10−10

N+ + O → O+(4S) + N 2.2 × 10−12

NO+ + e → N + O 4.5 × 10−7(300/Te)0.83

Where Teff, Tn, Te, Ti are effective, neutral, electron and ion temperatures.
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Usually the low boundary for [O+] is specified at 160 km during daytime, but it may be set at 230-
260 km during nighttime at EISCAT location to avoid particle precipitation effects at lower heights.
Corpuscular ionization is not included in the model and periods with intensive precipitation cannot
be developed with the method (see later).

4.3.3. Fitting procedure

An important point is the list of aeronomic parameters to be searched for. These should be the
main critical parameters responsible for the F-region formation. An analytical solution of the conti-
nuity equation for electron concentration in the F2-region (e.g., Ivanov-Kholodny and Mikhailov,
1986) can help select the parameters. In the mid-latitude daytime F2-region they are: neutral tem-
perature Tn, atomic oxygen [O], linear loss coefficient β = γ1[N2] + γ2[O2], efficiency of solar ioniza-
tion, and vertical plasma drift W due to thermospheric winds and electric fields.

All aeronomic parameters may be divided into two groups: rate constants and cross-sections of
processes, which are supposed to be known from laboratory experiments and those which vary with
geophysical conditions. The latter present our main concern, although the former can be also ana-
lyzed using ionospheric observations (e.g., Ivanov-Kholodny et al., 1976; Oliver and Glotfelty, 1996;
Buonsanto et al., 1997; Mikhailov and Schlegel, 2000). 

Atomic oxygen is the main neutral constituent at the F-region heights and it specifies the total
production rate as well as the diffusion rate of O+ ions. The recombination rate of O+ ions is specified
by linear loss coefficient β, so molecular nitrogen and oxygen should be in the list, moreover they
strongly contribute to the total production rate. There is still a pretty large uncertainty with the solar
EUV fluxes in particular with their day-to-day variations due to varying solar activity. Total EUV flux
rather than spectral distribution of the energy is important for F2-layer ionization (Ivanov-Kholodny
and Nikoljski, 1969), therefore this parameter should also be in the list. Neutral temperature height
profile is a crucial structural parameter for the whole thermosphere. Within the MSIS model formal-
ism (we are working with), the Tn(h) is specified by three parameters: Tex, T120, and the shape pa-
rameter S. Although we are not dealing with heights below 160 km it was found that the method
works better if the MSIS T120 value is freed. So, T120 was formally added to the list of searched pa-
rameters. But it should be stressed that this is just a technical step and the extension of Tn, [O], [O2],
[N2] down to 120 km height is just an extrapolation as we do not fit any Ne(h) profile below 160 km
height. The last very important parameter is vertical plasma drift velocity W due to thermospheric
winds and electric fields. Unfortunately the success of Ne(h) fitting strongly depends not only on the
absolute value of W at the F2-layer heights, but also on the height profile W(h). Therefore, any at-
tempts to use height-independent W normalized by empirical model values (e.g., Hedin et al., 1991)
should give unsatisfactory results. The only acceptable approach according to our experience is to use
simultaneous ISR observations of total vertical plasma velocity subtracting diffusion velocity (see eq.
(4.2)). This confines the application of the method to high-quality ISR data like the EISCAT facility
provides. Due to technical problems with Vi measurements some of Millstone Hill observations can-
not be developed with the method.

So we have seven parameters to be found: three parameters (Tex, S, T120) specifying Tn(h) profile,
factors for the MSIS model [O], [O2], [N2] concentrations as well as for the total solar EUV flux with
λ <1050 Å. Vertical plasma drift W(h) is calculated at each step of fitting using eq. (4.2). The whole
ion composition is also available at each step of calculations. Using standard multi-regressional meth-
ods we fit the calculated Ne(h) profile to the observed one and find a self-consistent set of aeronom-
ic parameters listed. It is important to stress that all parameters should be found simultaneously. All
the attempts to divide the fitting process by steps gave unsatisfactory results.

During quiet and slightly disturbed conditions the initial values of searched parameters are set
equal to the model ones with a ± 20% corridor for their variations. Usually this is enough to obtain
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an acceptable solution. But in disturbed conditions the thermospheric parameters are beyond the
± 20% corridor and some steps are required to localize the area of possible solution, that is to find ap-
proximate values of the searched parameters. After this the standard method is applied to find the fi-
nal values of the parameters. Two criteria are used to select the solution: i) a fit of Ne(h) should be
good in the whole height range, that is the calculated profile should lie within the experimental ± SD
corridor, the goodness of fit being estimated with 

/log N Ne e

h

h
2

obs

bot

top

cal=∆ ! ^ h8 B .

ii) The extracted parameters should be within the ± 20% corridor with respect to the average values. 

Fig. 4.4.  Observed at EISCAT and calculated daytime Ne(h) profiles for quiet (top) and disturbed (bottom) con-
ditions. Profiles for different levels of solar activity (minimum, June 26, 1997; medium, August 02, 1992; and
maximum, July 02, 1990, top panel) and different levels of geomagnetic activity are considered (Ap indices for
this and previous days are shown next to curves in the bottom panel). Note the variability of Ne(h) profiles un-
der disturbed conditions.
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There are stationary and non-stationary versions of the method. In case of the stationary solution the
left hand term of eq. (4.1) is set to zero, while [O+] (≠ Ne) height profile from the previous time step
should be available to obtain a non-stationary solution. The stationary form of eq. (4.1) is used during
sunlit conditions. A comparison of stationary and non-stationary solutions shows close results for solar
zenith angles χ ≤ 95°. During twilight and in the night (χ > 95°) a non-stationary approach gives bet-
ter results. Such behavior is explainable. Median profiles of observed characteristics used in calcula-
tions (see earlier) are obtained over 1.0-1.5 h time step in case of EISCAT observations, but this time
interval may be larger for Millstone Hill observations. Therefore, the minimal time step may be 1 h for
solving eq. (4.1). This time step ∆t is close to the e-fold time (≈ 1.5 h) of the daytime F2-region. In this
case it is better to use a stationary solution (Waldman, 1973). During nighttime the e-fold time is much
larger than 1.5 h and a non-stationary solution is preferable. Unfortunately, a non-stationary solution
needs much handy work to prepare median smoothed Ne, Te, Ti, Vi profiles for all time steps, and can
hardly be applied for routine calculations. An example for one quiet day is given later.

The quality of Ne(h) fitting is illustrated in fig. 4.4 where EISCAT daytime observations for qui-
et (top) and disturbed (bottom) are compared with calculations. Different levels of solar activity (min-
imum, June 26, 1997; medium, August 02, 1992; and maximum, July 02, 1990) and different levels
of geomagnetic activity are considered (Ap indices for this and previous days are shown next to
curves in the bottom panel). Simple quiet time Ne(h) profiles as well as much complicated disturbed
profiles with well-pronounced F1-layer (August 05, 1992) or profiles without F2-layer maximum at
all (April 10, 1990) can be fitted in the whole height range with a good accuracy. 

4.4. COMPARISON WITH MSIS-86 MODEL

The method was applied to EISCAT (CP-1 and CP-2) daytime observations (28 magnetically dis-
turbed and 30 quiet days) and the results were compared to the MSIS-86 thermospheric model pre-
dictions. The results for exospheric temperature Tex, shape parameter S for Tn(h), and total neutral
density ρ are given in fig. 4.5, while a comparison on [O], [O2] and [N2] is given in fig. 4.6.

Total neutral gas density – The MSIS-86 model overestimates ρ at 300 km height for disturbed
days with an average ρcal/ρMSIS = 0.52 (the difference is significant at the 99% confidence level).
The deviation from MSIS-86 is insignificant for quiet time conditions. The result may be impor-
tant for satellite orbital characteristics.

Exospheric temperature – The MSIS-86 model underestimates Tex by 5-7% on average both for
quiet and disturbed conditions. The differences are significant at the 99% level.

Shape parameter S for Tn(h) profile – The MSIS-86 model strongly overestimates S both for dis-
turbed (average Scal/SMSIS = 0.48) and quiet (Scal/SMSIS = 0.89) days. Both deviations are significant at
the 99% level.

Neutral composition at the 300 km height: atomic oxygen – The MSIS-86 strongly overesti-
mates the [O] concentration both for disturbed (average [O]cal/[O]MSIS = 0.43) and quiet (average
[O]cal/[O]MSIS = 0.84) conditions. The differences are significant at the 99% level.

Molecular oxygen – The MSIS-86 model overestimates the [O2] concentration for disturbed days
(average [O2]cal/[O2]MSIS = 0.59, significant at the 99% level), while [O2] is close to the model values
for quiet time conditions (the difference is insignificant).

Molecular nitrogen – The MSIS-86 model overestimates [N2] for disturbed conditions (average
[N2]cal/[N2]MSIS = 0.62 significant at the 99% level), but underestimates [N2] for quiet days (average
[N2]cal/[N2]MSIS = 1.17, significant at the 95% level).

Therefore, there is a problem with MSIS-86 predictions for disturbed conditions and this has been
stressed repeatedly (see earlier), while in quiet conditions it gives the results which in general are close
to our estimates. This is not surprising as any empirical model MSIS-86 presents fairly well only the
conditions corresponding to the majority of observations, that is to quiet and slightly disturbed condi-
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Fig. 4.5.  A comparison of calculated versus MSIS-86 exospheric temperature Tex, shape parameter S, and total
neutral density ρ at 300 km for quiet (left-hand panels) and disturbed (right-hand panels) days. Tex is in K, S is
in 10-2 km-1 units, and logρ is in gcm-3. Dashed lines indicate a ± 25% band around the model.
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Fig. 4.6. A comparison of calculated versus MSIS-86 [O], [O2], and [N2] at 300 km concentrations given in log
scale for quiet (left-hand panels) and disturbed (right-hand panels) days. Dashed lines indicate a ± 25% band
around the model.
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Fig. 4.7. Diurnal variation of calculated Tex, S, O, O2, and N2 to MSIS-86 value ratios. Neutral concentrations
are taken at 300 km height. Two upper panels give EISCAT observations of NmF2 and hmF2 for a quiet period
of April 1-2, 1992. Solar zenith angle variation is given in the bottom box.
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tions which are the most probable, while strong disturbances are relatively rare. Although the depend-
ence on 3-hour Ap (or daily Ap) global indices is formally included in the model, it gives a smoothed
averaged pattern of the disturbed thermosphere and cannot describe the peculiarity of an individual
disturbance. On the other hand, the closeness of our results to the quiet time MSIS predictions may tell
us about the efficiency of the method developed. But for a convincing conclusion simultaneous ISR
and satellite probe in-situ observations are required, which are not available at present. 

4.5. DIURNAL VARIATIONS

Calculation of diurnal variation of thermospheric parameters is another testing of the method to
check whether the found parameters demonstrate consistent variations during the day. All fits are in-
dependent in case of the stationary approach normally used during sunlit conditions, while they are
slightly related when a non-stationary scheme is applied. EISCAT observations for quiet days of April
1-2, 1992 were used for this analysis. The calculations were made for 24 UT moments with median
Ne, Te, Ti, Vi profiles prepared over 1 h time intervals around the UT moments in question. Figure 4.7
gives the observed NmF2 and hmF2 variations as well as ratios of calculated parameters to the MSIS-
86 values. Solar zenith angle variation for the period in question is shown in the bottom panel. Sta-
tionary solutions (as mentioned earlier) were used for sunlit ( χ ≤ 95°) period and a non-stationary
scheme – for nighttime hours. The results are seen to be consistent for the sunlit hours. Average ra-
tios along with SD deviations for the parameters considered are given in table 4.II for the sunlit hours.
The difference from MSIS for average values is also estimated using the Student criterion.

The standard deviations with respect the average values are seen not to be large – about 3.5% for
Tex and S and 15-21% for neutral species. The difference of thermospheric parameters from MSIS
values for this particular quiet day in general agrees with the statistical estimates given earlier.

The results for nighttime hours are less satisfactory (fig. 4.7). Large ratios for neutral species per-
haps reflect large Tex and S values, but they look as unreal although the quality of Ne(h) fitting is ex-
cellent. The calculated Tex turn out to be larger than observed Ti values and this is impossible during
nighttime hours when both temperatures should be close. Reasons for such behavior are not clear
right now and additional analyses are required. One of the possible factors is the electron precipita-
tion taking place in the auroral nighttime F2-region, but this effect is not included in the model.
Changes in Ne(h) profile resulted from additional corpuscular ionization, the method ascribes to ther-
mospheric parameters which accept unreal values.

4.6. A SEVERE STORM (CASE STUDY)

The efficiency of the method can also be illustrated analyzing the periods of severe geomagnetic distur-
bances when large perturbations of thermospheric parameters are expected. The April 10, 1990 severe storm
with Ap = 124 presents a good example. Both Millstone Hill ISR (American sector, middle latitudes) and

Table 4.II. Average ratios of calculated thermospheric parameters to MSIS-86 values over the sunlit hours. The
difference from MSIS values is estimated with the Student criterion.

Parameter R(Tex) R(S) R(O) R(O2) R(N2)

Average ± SD 0.99 ± 0.034 0.91 ± 0.033 0.86 ± 0.126 0.89 ± 0.190 1.03 ± 0.190
Diff. from MSIS Insignificant Signif. at 99% Signif. at 99% Signif. at 97% Insignificant
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Fig. 4.8.  Observed and calculated at EISCAT (top) and Millstone Hill (bottom) Ne(h) profiles for disturbed
April 10, 1990 and quiet reference days. Right-hand panels – calculated and standard model O+/Ne profiles at the
two locations. F2-region is seen to be strongly enriched with molecular ions for the disturbed day, while the cal-
culations are close to the models for quiet days.

EISCAT (European sector, auroral zone) provided observations for that period, which was considered by
Mikhailov and Foster (1997), Mikhailov and Schlegel (1998). Observed and calculated Ne(h) profiles as
well as ion composition (O+/Ne ratio) are shown in fig. 4.8 for EISCAT (top panels) and Millstone Hill (bot-
tom panels). The severe geomagnetic disturbance resulted in a complete disappearance of F2-layer at usu-
al heights and the ionospheric maximum was presented by F1-layer peak – so called G-conditions. The dis-
turbance picture is seen to be similar at two locations, but the storm effect was larger at Millstone Hill where
electron concentration decreased by a factor of ten at the F2-layer heights. Large changes in ion composi-
tion (O+/Ne ratio) took place during that event. The ionosphere was strongly enriched with molecular ions
even at the F2-layer heights, while this ratio was close to the standard model in quiet conditions. Large de-
viations of O+/Ne ratio from the standard model being used during the development of ISR observations re-
quired a correction of the experimental Te(h), Ti(h) and Ne(h) profiles for the disturbed day using the itera-
tive method by Mikhailov and Schlegel (1997). Strong perturbations of the thermospheric parameters were
revealed for April 10 relative to the previous quiet days. At EISCAT the calculated Tex increased by 550 K
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Fig. 4.9. Calculated and MSIS Tn(h) profiles together with the observed at EISCAT Ti(h) profile for the dis-
turbed day April 10, 1990. Note that MSIS temperatures below 300 km are larger than Ti – the situation is un-
real for the conditions in question.

compared to 230 K from MSIS prediction, and O/N2 ratio at 300 km decreased by 4.7 times compare to 2.6
from MSIS. At Millstone Hill Tex increased by 680 K (173 K from MSIS) and O/N2 ratio at 300 km de-
creased by 19.3 times compared to 1.7 according to MSIS model. Therefore, neutral composition and tem-
perature changes are the main reasons for the observed strong decrease of electron concentration at the F2-
layer heights on April 10, 1990. Such changes cannot be described using MSIS thermospheric parameters. 

The calculated temperature profile Tn(h) also strongly differs from the MSIS one for that dis-
turbed day. Figure 4.9 gives three daytime temperature profiles at the EISCAT location on April 10,
1990. A very low value of the shape parameter, S=0.0055 km−−1 instead of 0.016 km−−1 predicted by
MSIS resulted from Ne(h) fitting. MSIS Tn(h) values are seen to be larger than observed ion temper-
atures below 300 km and this is impossible in reality. Therefore, the method seems to give reason-
able results in strongly disturbed conditions as well. A small value of S (0.011 km−−1 with respect to
the MSIS predicted S = 0.017 km–1) was obtained for the same day, April 10, 1990 from the Millstone
Hill data analysis. Therefore, the results of calculations show a pronounced decrease in the neutral
temperature in the low thermosphere for this severe geomagnetic storm. It was proposed (Mikhailov
and Schlegel, 1998) that this Tn decrease resulted from the enhanced atmospheric cooling through ni-
tric oxide. The increase in NO concentration during disturbed periods is well documented (e.g.,
Barth, 1989, 1995; Ridley et al., 1999; Solomon et al., 1999).

4.7. DISCUSSION

The proposed method demonstrates high efficiency allowing us to infer basic thermospheric pa-
rameters as well as ion composition from routine ISR observations both in quiet and disturbed con-
ditions. Along with observed plasma parameters this gives a complete picture of the ionosphere and
thermosphere state in the vicinity of the ISR facility. ISR have been operating for many years and this
opens an opportunity to analyze thermosphere-ionosphere interaction in various geophysical condi-
tions. Among the problems which are the most interesting and challenging both from scientific and
practical points of view is the F-region storm effects, and the developed method was widely used for
such analyses (see the reference list).
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Our analysis of daytime EISCAT observations has shown that MSIS-86 strongly and systemati-
cally overestimates [O] at high latitude both in quiet and especially during disturbed periods (fig.
4.6). Similar results were obtained by Litvin et al. (2000) analyzing with the energy equation Mill-
stone Hill observations for a disturbed period of June 5-11, 1991. During the most active phase of the
disturbance they found [O] to be lower by a factor of 2 than MSIS-86 predictions. On the other hand,
their Tex are lower than MSIS values by 200 K during daytime. Although the authors stress that the
shape parameter S strongly affects the results, they used the MSIS-86 values in their calculations,
which are strongly overestimated for disturbed conditions (fig. 4.5). The Tex∗S product demonstrates
a sort of invariant in the inverse problem considered, therefore large MSIS-86 values of S should re-
sult in lower Tex values in accordance with their conclusion. Optical observations by Grossmann et al.
(2000) revealed a systematic (by 40% on average below MSIS-86) difference in atomic oxygen den-
sities in the 130-175 km height range. 

Therefore, independent results on [O] variations obtained with other methods seem to agree with
our conclusions. But these are partial comparisons on one-two parameters while the proposed method
provides information simultaneously on many thermospheric parameters. Only simultaneous ISR and
satellite (similar to AE-C mission) observations of the whole set of thermospheric characteristics
could be used for the overall testing of the method. Unfortunately, there is no such opportunity at
present. 

Let us consider problems and limitations related to the usage of the method. Firstly this concerns
the ISR observations. The quality of the experimental material is different at different facilities. For
instance, due to rare (usually 3 per hour) observations at Millstone Hill a 3-4 h time interval is need-
ed to calculate median profiles. It is not always possible (especially for disturbed days) to find a 3-4
h period of relative stability in NmF2 and hmF2 variations. This criterion is applied to decrease the
scatter in the observations and increase the reliability of median profiles. Unlike EISCAT observa-
tions there is a problem with using routine Vi(h) data at Millstone Hill as they may need an addition-
al correction due to technical reasons. Therefore, not all available routine Millstone Hill observations
can be used for our analysis. The same difficulty takes place with Kharkov ISR facility which does
not provide Vi(h) observations at all.

On the other hand, EISCAT observations (each particular experiment) are not normalized by foF2
values as is done at Millstone Hill. Although the declared uncertainty in the measured electron con-
centration at EISCAT is not large −10 ÷12% (Farmer et al., 1984; Kirkwood et al., 1986) in fact in
some cases the difference in NmF2 (compared to nearby ionosonde observations) is much larger as
the analysis by Mikhailov and Schlegel (2003) has revealed. The absence of such normalization also
results in a shift between long pulse and multi pulse Ne(h) profiles and this shift should be taken in-
to account before the profiles are used for analysis.

The problem with dependence of experimental Te(h), Ti(h) and Ne(h) on ion composition was
mentioned earlier. But despite the problems encountered the ISR data are the most informative and
consistent being the only observations which can be used with such a method to retrieve the aero-
nomic parameters.

According to numerous testings of the method acceptable results can be obtained for sunlit
(χ ≤ 95o) conditions only when the F2-region is mainly controlled by photo-chemical processes and
the contribution of each parameter is distinct, therefore it can be retrieved. During nighttime hours
dynamical processes dominate and the contribution of individual parameters to the Ne(h) distribution
is not that distinct. This is seen in fig. 4.7 when after 22 UT all parameters are highly correlated and
the reliability of each extracted parameter is not very high in this case. Additional problems with EIS-
CAT nighttime observations are related to horizontal E × B drifts moving plasma via the location as
well as with particle precipitation producing fresh ionization. Neither effect is included in the model
and cannot be taken into account properly. These additional factors are absent at middle latitudes and
further analyses of Millstone Hill nighttime observations are required to clear up the possibility of
the method in nighttime conditions.
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The accuracy of calculated aeronomic parameters depends on many input quantities and can hard-
ly be estimated strictly. Only direct independent and simultaneous satellite observations of neutral
composition and temperature could be used for such a strict comparison. Such observations are ab-
sent at the moment. But the lowest estimate of expected errors resulting from the uncertainty in
measured ionospheric parameters can be made (Mikhailov and Schlegel, 1997) with the help of ex-
pressions relating daytime F2-layer maximum parameters NmF2 and hmF2 with aeronomic parame-
ters [O], β and W (Ivanov-Kholodny and Mikhailov, 1986). From those expressions may be written
the expressions for ∆log[O] and ∆logβ
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The uncertainty in measured electron concentration according to Farmer et al. (1984) and Kirkwood
et al. (1986) gives ∆logNmF2 about ± 0.05. The hmF2 scatter around its median value usually is about
±10 km over the chosen one hour period of observations. The uncertainty in measured field aligned
plasma velocity is ±2 m/s at the height of 300 km (Jones et al., 1986). This gives the uncertainty of
≈16% in [O] and ≈18% in the linear loss coefficient β. As β in the F2-region is mainly determined by
molecular nitrogen, this estimate may be applied to [N2]. But it should be kept in mind that the above
estimates are the least expected errors for the calculated [O] and [N2]. A comparison with an empirical
(i.e. averaged) thermospheric model like MSIS-86 in quiet geomagnetic conditions can also give an es-
timate of the accuracy for the retrieved parameters. According to results given in figs. 4.5 and 4.6 the
overall uncertainty in modelled Tex is less than ±10% and in neutral species is about ± (20-30)%. This
is an acceptable result keeping in mind that the accuracy of many input parameters is of the same order.
But the possibility of the method to extract thermospheric parameters for disturbed conditions is the
most valuable result. The empirical models like MSIS are not efficient during storm periods and the pro-
posed approach can provide useful information at least in the vicinity of the ISR facility.

4.8. CONCLUSIONS

The results of our analysis may be summarized as follows.
1)  Further development of the self-consistent approach to the F2-region modeling has been made

in three directions:
1.1) An increase in numerical stability has been achieved by taking into account only major ions

O2
+ and NO+ in the expression (4.2) for the O+ diffusion velocity, while a complete list of pertinent

chemical reactions is used to calculate ion concentrations.
1.2) An inclusion of nighttime ionization by scattered radiation in 1026, 584, 304, and 910 Å lines

allowed us to extend the area of possible solutions up to χ ≈ 95-100° at least from the evening side.
1.3) An extension of the method for non-stationary conditions allowed us to consider twilight and

nighttime hours when the F2-region is not stationary.
2)  Application of the method to analysis of EISCAT daytime observations (28 magnetically dis-

turbed and 30 quiet days) has shown that MSIS-86 strongly overestimates atomic oxygen and the shape
parameter S in particular for disturbed conditions (average [O]cal/[O]MSIS = 0.43 and Scal/SMSIS = 0.48),
while Tex is close (the difference is 5-7% on average) to MSIS-86 predictions both in quiet and disturbed
conditions. With regard to molecular species MSIS-86 strongly overestimates O2 and N2 concentrations
for disturbed periods, while these concentrations are close to MSIS-86 values for quiet days. The results
are statistically significant. A comparison on the total neutral gas density, which is important for prac-
tical applications, has shown that MSIS-86 overestimates ρ at 300 km for disturbed days with an aver-
age ρcal/ρMSIS = 0.52 (significant at the 99% confidence level), while the deviation from MSIS-86 is in-
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significant for quiet time conditions. But for a convincing testing of the method simultaneous ISR and
satellite (similar to AE-C mission) observations of the whole set of thermospheric parameters is re-
quired. Unfortunately, there is no such opportunity at present.

3)  The method can be efficiently used in sunlit (χ ≤ 95-100°) conditions when the F2-region is
under essential control of photo-chemical processes. The contribution of various thermospheric pa-
rameters to the Ne(h) distribution is distinct in this case and they can be retrieved with an acceptable
accuracy. During nighttime conditions when dynamical processes dominate the role of individual pa-
rameters is not that distinct and found solutions may be unsatisfactory. Further analyses in this di-
rection are required.

4)  F2-region storm effects which are of great importance both for ionosphere physics and applica-
tions can be successfully analyzed with the method. Retrieved neutral and ion composition, temperature
and meridional wind give a complete picture of the thermosphere state in the vicinity of the ISR facili-
ty for the conditions in question. Keeping in mind that most satellite mass-spectrometric observations
were made in the past and are not conducted currently, the method may be considered a real tool for in-
vestigation of the thermosphere-ionosphere interaction under various geophysical conditions.

ACKNOWLEDGEMENTS

The authors thank the Millstone Hill Group of the Massachusetts Institute of Technology, West-
ford; also the Director and the staff of EISCAT for running the radar and providing the data. The EIS-
CAT Scientific Association is funded by scientific agencies of Finland (SA), France (CNRC), Ger-
many (MPG), Japan (NIPR), Norway (NF), Sweden (NFR), and the United Kingdom (PPARC). The
author (A.M.) thanks for the support received from the COST 271 to attend the meetings. 

This work was in part supported by the Russian Foundation for Fundamental Research under
grant 03-05-64050.

REFERENCES

ALCAYDÉ, D. and J. FONTANARI (1986): Neutral temperature and winds from EISCAT CP-3 observa-
tions, J. Atmos. Terr. Phys., 48, 931-947.

ALCAYDÉ, D., P. BAUER and J. FONTANARI (1974): Long-term variations of thermospheric temperature
and composition, J. Geophys. Res., 79, 629-637.

ALCAYDÉ, D., J. FONTANARI and P. BAUER (1982): High latitude neutral atmospheric temperature and
concentration measurements from the first EISCAT incoherent scatter observations, Ann. Geo-
physicae, 38, 473-480.

ANTONIADIS, D.A. (1977): Determination of thermospheric quantities from simple ionospheric ob-
servations using numerical simulation, J. Atmos. Terr. Phys., 39, 531-537.

ARULIAH, A.L., J. SCHOENDORF and A.D. AYLWARD (1997): Modeling the high-latitude equinoctial
asymmetry, J. Geophys. Res., 102, 27,207-27,216.

BABCOOK, R.R. JR. and J.V. EVANS (1979): Seasonal and solar cycle variations in the thermospheric
circulation observed over Millstone Hill, J. Geophys. Res., 84, 7348-7364.

BANKS, P.M. and G. KOCKARTS (1973): Aeronomy (Academic Press, New York, London).
BARTH, C.A. (1989): Reference models for thermospheric NO, Hand MAP, 31 (1), 132-144.
BARTH, C.A. (1995): Nitric oxide in the lower thermosphere, in The Upper Mesosphere and Low-

er Thermosphere: a Review of Experiment and Theory, AGU Geophysical Monograph 87, 225-
233.

BATISTA, I.S., R.T. DE MEDEIROS, M.A. ABDU and J.R. DE SOUZA (1996): Equatorial ionospheric ver-
tical plasma drift model over the Brazilian region, J. Geophys. Res., 101, 10,887-10,892.



1005

A revised method to extract thermospheric parameters from incoherent scatter observations

BLELLY, P.L., J. FONTANARI, D. ALCAYDE, J. WU, M. BLANC and T.L. HANSE (1992): Observations of
the structure and vertical transport of the polar upper ionosphere with the EISCAT-VHF radar,
Ann. Geophysicae, 10, 394-406.

BLELLY, P.L., A. ROBINEAU, D. LUMMERZHEIM and J. LILENSTEN (1996): 8-moment fluid models of the
terrestrial high latitude ionosphere between 100 and 3000 km, in Solar-Terrestrial Environment
Program (STEP), Handbook of the Aeronomical Models of the Ionosphere, edited by B. SCHUNK,
(CASS, Utah State University).

BUONSANTO, M.J. and L.M. POHLMAN (1998): Climatology of neutral exospheric temperature above
Millstone Hill, J. Geophys. Res., 103, 23,381-23,392.

BUONSANTO, M.J. and O.G. WITASSE (1999): An updated climatology of thermospheric neutral winds
and F-region ion drifts above Millstone Hill, J. Geophys. Res., 104, 24,675-24,687.

BUONSANTO, M.J., Y.-K. TUNG and D.P SIPLER (1992): Neutral atomic oxygen density from nighttime
radar and optical wind measurements at Millstone Hill, J. Geophys. Res., 97, 8673-8679.

BUONSANTO, M.J., D.P. SIPLER, G.B. DAVENPORT and J.M. HOLT (1997): Estimation of the O+, O col-
lision frequency from coincident radar and Fabry-Perot observations at Millstone Hill, J. Geo-
phys. Res., 102, 17,267-17,274.

BURNSIDE, R.G., M.P. SULZER and J.C.G. WALKER (1988): Determination of thermospheric temperatures
and neutral densities at Arecibo from the ion energy balance, J. Geophys. Res., 93, 8642-8650.

BURNSIDE, R.G., C.A. TEPLEY, M.P. SULZER, T.J. FULLER-ROWELL, D.G. TORR and R.G. ROBLE (1991):
The neutral thermosphere at Arecibo during geomagnetic storms, J. Geophys. Res., 96, 1289-1301. 

DAS GUPTA and A. BASU (1973): Investigation of ionospheric electron content in the equatorial region
as obtained by orbiting beacon satellites, Ann. Geophysicae, 29, 409-419.

EVANS, J.V., W.L. OLIVER and J.E. SALAH (1979): Thermospheric properties as deduced from inco-
herent measurements, J. Atmos. Terr. Phys., 41, 259-278.

FARMER, A.D., M. LOCKWOOD, R.B. HORNE, B.J.I. BROMAGE and K.S.C. FREEMAN (1984): Field-per-
pendicular and field-aligned plasma flows observed by EISCAT during a prolonged period of
northward IMF, J. Atmos. Terr. Phys., 46, 473-488.

FÖRSTER, M. and N. JAKOWSKI (1988): The Nighttime Winter Anomaly (NWA) effect in the Ameri-
can sector as a consequence of interhemispheric ionospheric coupling, Pure Appl. Geophys., 127,
447-471.

GROSSMANN, K.U., M. KAUFMANN and E. GERSTNER (2000): A global measurement of lower ther-
mosphere atomic oxygen densities, Geophys. Res. Lett., 27, 1387-1390.

HARI, S.S. and B.V.K. MURTHY (1995): Equatorial nighttime F-region zonal electric fields, Ann. Geo-
physicae, 13, 871-878.

HEDIN, A.E., M.A. BIONDI, R.G. BURNSIDE, G. HERNANDEZ, R.M. JOHNSON, T.L. KILLEEN, C. MAZA-
UDIER, J.W. MERIWETHER, J.E. SALAH, R.J. SICA, R.W. SMITH, N.W. SPENCER, V.B. WICKWAR and
T.S. VIRDI (1991): Revised global model of thermospheric winds using satellite and ground-based
observations, J. Geophys. Res., 96, 7657-7688.

HIERL, P.M., I. DOTAN, J.V. SEELEY, J.M. VAN DORAN, R.A. MORRIS and A.A. VIGGIANO (1997): Rate
coefficients for the reactions of O+ with N2 and O2 as a function of temperature (300-1800 K), J.
Chem. Phys., 106 (9), 3540-3544.

IGI, S., W.L. OLIVER and T. OGAWA (1999): Solar cycle variations of the thermospheric meridional
wind over Japan derived from measurements of hmF2, J. Geophys. Res., 104, 22,427-22,431.

IVANOV-KHOLODNY, G.S. and A.V. MIKHAILOV (1986): The Prediction of Ionospheric Conditions (D.
Reidel Pub. Co. Dordrecht, Holland), pp. 168.

IVANOV-KHOLODNY, G.S. and G.M. NIKOLJSKY (1969): The Sun and the Ionosphere (Nauka, Moscow),
pp. 455.

IVANOV-KHOLODNY, G.S., L.N. LETSHENKO and I.N. ODINTZOVA (1976): Relationship between X-ray
and ultraviolet radiations of solar flares in the ionization of the ionosphere E-region, Geomag.
Aeronom., 16, 246-250 (in Russian).



1006

Andrei V. Mikhailov and Jean Lilensten

JAKOWSKI, N., JUNGSTAND, A., L. LOIS and B. LAZO (1991): Night-time enhancements of the F2-lay-
er ionization over Havana, Cuba, J. Atmos. Terr. Phys., 53, 1131-1388.

JONES, G.O.L., K.J. WINSER and P.J.S. WILLIAMS (1986): Measurements of plasma velocity at differ-
ent heights along a magnetic field line, J. Atmos. Terr. Phys., 48, 887-892.

KANE, R.P. (1975): Day-to day variability of ionospheric electron content at mid-latitudes, J. Geo-
phys. Res., 80, 3091-3099.

KASHIRIN, A.I. (1986): Photo-ionization in the nighttime ionosphere, Geomag. Aeronom., 26, 563-568
(in Russian).

KIRKWOOD, S., P.N. COLLIS and W. SCHMIDT (1986): Calibration of electron densities for EISCAT
UHF radar, J. Atmos. Terr. Phys., 48, 773-775.

LATHUILLÈRE, C., G. LEJEUNE and W. KOFMAN (1983): Direct measurements of ion composition with
EISCAT in the high-latitude F1-region, Radio Sci., 18, 887-893.

LATHUILLÈRE, C., J. LILENSTEN, W. GAULT and G. THUILLIE (1997): Meridional wind in the auroral
thermosphere: results from EISCAT and WINDII-O(1D) coordinated measurements, J. Geophys.
Res., 102, 4487-4492.

LILENSTEN, J. and P.L. BLELLY (2002): The TEC and F2 parameters as traces of the ionosphere and
thermosphere, J. Atmos. Sol.-Terr. Phys., 64, 775-793.

LITVIN, A., W.L. OLIVER, J.M. PICONE and M.J BUONSANTO (2000): The upper atmosphere during
June 5-11, 1991, J. Geophys. Res., 105, 12,789-12,796.

MIKHAILOV, A.V. and M. FÖRSTER (1999): Some F2-layer effects during the January 06-11, 1997
CEDAR storm period as observed with the Millstone Hill incoherent scatter facility, J. Atmos.
Sol.-Terr. Phys., 61, 249-261.

MIKHAILOV, A.V. and J.C. FOSTER (1997): Daytime thermosphere above Millstone Hill during severe
geomagnetic storms, J. Geophys. Res., 102, 17,275-17,282.

MIKHAILOV, A.V. and W. KOFMAN (2001): An interpretation of ion composition diurnal variation de-
duced from EISCAT observations, Ann. Geophysicae, 19, 351-358.

MIKHAILOV, A.V. and G.I. OSTROVSKII (1978): Computation of a magnetically quiet nighttime F2-re-
gion of the mid-latitude ionosphere, Geomag. Aeron., 18, 152-154.

MIKHAILOV, A.V. and K. SCHLEGEL (1997): Self-consistent modeling of the daytime electron density
profile in the ionospheric F-region, Ann. Geophysicae, 15, 314-326.

MIKHAILOV, A.V. and K. SCHLEGEL (1998): Physical mechanism of strong negative storm effects in
the daytime ionospheric F2-region observed with EISCAT, Ann. Geophysicae, 16, 602-608.

MIKHAILOV, A.V. and K. SCHLEGEL (2000): A self-consistent estimate of O++N2 rate coefficient and
total EUV solar flux with l<1050 Å using EISCAT observations, Ann. Geophysicae, 18, 1164-
1171.

MIKHAILOV, A.V. and K. SCHLEGEL (2003): Geomagnetic storm effects at F1-layer heights from in-
coherent scatter observations, Ann. Geophysicae, 21, 583-596.

MIKHAILOV, A.V., M.G. SKOBLIN and M. FÖRSTER (1995): Daytime F2-layer positive storm effect at
middle and lower latitudes, Ann. Geophysicae, 13, 532-540.

MILLER, K.L., D.T. TORR and P.G. RICHARDS (1986): Meridional winds in the thermosphere derived
from measurements of layer height, J. Geophys. Res., 91, 4531-4535.

NUSINOV, A.A. (1992): Models for prediction of EUV and X-ray solar radiation based on 10.7-cm ra-
dio emission, in Proceedings of the Workshop on Solar Electromagnetic Radiation for Solar Cy-
cle 22, Boulder, Co., July 1992, edited by R.F. DONNELY (NOAA ERL. Boulder, Co., U.S.A.),
354-359.

OLIVER, W.L. (1979): Incoherent scatter radar studies of the daytime middle thermosphere, Ann.
Geophysicae, 35, 121-139.

OLIVER, W.L. (1990): Neutral and ion composition changes in the F-region over Millstone Hill dur-
ing the equinox transition study, J. Geophys. Res., 95, 4129-4134.

OLIVER, W.L. and K. GLOTFELTY (1996): O+-O collision cross section and long-term F-region O den-



1007

A revised method to extract thermospheric parameters from incoherent scatter observations

sity variations deduced from the ionospheric energy budget, J. Geophys. Res., 101, 21,769-
21,784.

PAVLOV, A.V. and M. J. BUONSANTO (1997): Comparison of model electron densities and temperatures
with Millstone Hill observations during undisturbed periods and the geomagnetic storms of 16-
23 March and 6-12 April 1990, Ann. Geophysicae, 15, 327-344.

PAVLOV, A.V. and J.C. FOSTER (2001): Model/data comparison of F-region ionospheric perturbation
over Millstone Hill during the sever geomagnetic storm of July 15-16, 2000, J. Geophys. Res.,
106, 29,051-29,069.

PAVLOV, A.V. and K.-I. OYAMA (2000): The role of vibrationaly excited nitrogen and oxygen in the
ionosphere over Millstone Hill during 16-23 March, 1990, Ann. Geophysicae, 18, 957-966.

PAVLOV, A.V., M.J. BUONSANTO, A.C. SCHLESIER and P.G. RICHARDS (1999): Comparison of models and
data at Millstone Hill during the 5-11 June 1991 storm, J. Atmos. Sol.-Terr. Phys., 61, 263-279.

PAVLOV, A.V., T. ABE and K.-I. OYAMA (2000): Comparison of the measured and modelled electron
density and temperatures in the ionosphere and plasmasphere during 20-30 January, 1993, Ann.
Geophysicae, 18, 1257-1272.

PESNELL, W.D, K.OMIDVAR and W. R. HOEGY (1993): Momentum transfer collision frequency of O+-
O, Geophys. Res. Lett., 20, 1343-1346.

RAMESH, K.B. and J.H. SASTRI (1995): Solar cycle and seasonal variations in F-region vertical drifts
over Kodaikanal, India, Ann. Geophysicae, 13, 633-640.

RICHARDS, P.G. (1991): An improved algorithm for determining neutral winds from the height of the
F2 peak electron density, J. Geophys. Res., 96, 17,839-17,846.

RICHARDS, P.G. and D.G. TORR (1988): Ratios of photoelectron to EUV ionization rates for aero-
nomic studies, J. Geophys. Res., 93, 4060-4066.

RICHARDS, P.G. and P.J. WILKINSON (1998): The ionosphere and thermosphere at southern midlati-
tudes during the November 1003 ionospheric storm: a comparison of measurements and model-
ing, J. Geophys. Res., 103, 9373-9389.

RICHARDS, P.G., D.G. TORR, M.J. BUONSANTO and D.P. SIPLER (1994a): Ionospheric effects of the March
1990 magnetic storm: Comparison of theory and measurement, J. Geophys. Res., 99, 23,359-23,365.

RICHARDS, P.G., J.A. FENNELLY and D.G. TORR (1994b): EUVAC: a solar EUV flux model for aero-
nomic calculations, J. Geophys. Res., 99, 8981-8992, 1994.

RIDLEY, A.J., G. CROWLEY, R. LINK, R. FRAHM, J.D. WINNINGHAM, J.R. SHARBER and J. RUSSELL III
(1999): Variations ofthe thermospheric nitric oxide mass mixing ratio as a function of Kp, alti-
tude, and magnetic local time, Geophys. Res,. Lett., 26, 1541-1544.

SCHOENDORF, J. and W.L. OLIVER (1998): A comparison of thermospheric [O] derived at EISCAT
with [O] predicted by MSIS, Geophys. Res. Lett., 25, 2119-2122.

SCHUNK, R.W., W.J. RAITT and P.M. BANKS (1975): Effect of electric fields on the daytime high-lat-
itude E- and F-regions, J. Geophys. Res., 80, 3121-3130. 

SETHIA, G.S., G.J. BAILEY, R.J. MOFFETT and J.K. HARGREAVES (1983): The effects of neutral air
winds on the electron content of the mid-latitude ionosphere and protonosphere, Planet. Space
Sci., 31, 377-387.

SOLOMON, S.C., C.A. BARTH and S.M. BAILEY (1999): Auroral production of nitric oxide measured
by the SNOE satellite, Geophys. Res. Lett., 26, 1259-1262.

STUBBE, P. (1973): The thermosphere and the F-region – a reconciliation of theory with observations,
Sci. Rep. Ionosph. Res. Lab. No. 418, Penn. State University, pp. 156.

TITHERIDGE, J.E. (1995): The calculation of neutral winds from ionospheric data, J. Atmos. Terr.
Phys., 57, 1015-1036.

TORR, M.R., D.G. TORR, R.A. ONG and H.E. HINTEREGGER (1979): Ionization frequencies for major
thermospheric constituents as a function of solar cycle 21, Geophys. Res. Lett., 6, 771-774.

WALDMAN, H. (1973): The specification of distributed boundary conditions in numerical simulation
of the ionosphere, J. Atm. Terr. Phys., 35, 2205-2215.



1008

Andrei V. Mikhailov and Jean Lilensten

WALDTEUFEL, P. (1971): Combined incoherent scatter F1-region observations, J. Geophys. Res., 76,
6995-6999.

WINSER, K.J., A.D. FARMER, D. REES and A. ARULIAH (1988): Ion-neutral dynamics in the high-lai-
tude ionosphere: first results from INDI experiment, J. Atmos. Terr. Phys., 50, 369-377.

WITASSE, O., J. LILENSTEN, C. LATHUILLÈRE and B. PIBARET (1998): Meridional thermospheric neu-
tral wind at high latitude over a full solar cycle, Ann. Geophysicae, 16, 1400-1409.

WRIGHT, J.W. and R.O. CONKRIGHT (2001): Prospects for an ionospheric index of neutral thermos-
pheric composition, with space-weather applications, J. Geophys. Res., 106, 21,063-21,075.

ZHANG, S.-R., W.L. OLIVER, S. FUKAO and S. KAWAMURA (2001): Extraction of solar and thermos-
pheric information from the ionospheric electron density profile, J. Geophys. Res., 106, 12,821-
12,836.


