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Abstract Incoherent scatter (IS) is sensitive to collisional properties of the ion gas when the mean free
path is close to the radar wave number. However, it has been traditionally difficult to infer the rate of
collisions from IS measurements because of ambiguities in the theory for measurements at a single wave
number (k). We demonstrate that multifrequency measurements to achieve diversity in k can allow for direct
inference of the composition-weighted ion-neutral collision frequency in the upper mesosphere and lower
thermosphere. By direct, we mean that no significant constraints are imposed on the interpretation of the
IS spectra and that interpretation relies only on the IS formalism (rather than a steady state ion-momentum
equation, for example). The technique is demonstrated using measurements from the European Incoherent
Scatter VHF and UHF radar systems. This technique can be used to investigate neutral atmosphere variations
as well as the validity of collision models commonly used in the IS formalism.

1. Introduction

The rate of collisions between ionized and neutral species is important for a variety of processes in the upper
atmosphere. Collisions determine where field-aligned currents in the high-latitude ionosphere will close
and thus where magnetospheric energy will be deposited [e.g., Thayer, 2000]. This energy is converted via
Joule heating and Lorentz forcing, driving neutral motions, and heating of the neutral gas. Practically, col-
lisions play a crucial role in deriving neutral winds, currents, Joule heating rates, and neutral atmospheric
properties from measurements of ionized species, using techniques like incoherent scattering (IS).

Because the ion-neutral collision frequency (𝜈in) depends largely on the neutral density (Nn), its measure-
ment provides a direct linkage between the ionosphere and neutral atmosphere. However, there are very
few methods to directly infer the neutral density or 𝜈in in the lower thermosphere, where the energy trans-
fer rate maximizes. There are a limited number of practical ground-based techniques for sensing the lower
thermosphere and the altitude regime is too low for routine in situ measurements.

Since the early 1960s, it has been recognized that ion-neutral collisions play an important role in IS mea-
surements [Dougherty and Farley, 1963]. Collision frequency estimates have been reported for many years
using the technique [e.g., Wand and Perkins, 1968; Salah et al., 1975; Wand, 1976; Tepley and Mathews, 1978;
Schlegel et al., 1980; Wickwar et al., 1981; Lathuillere et al., 1983; Fla et al., 1985; Kofman et al., 1986; Ganguly
and Coco, 1987; Nygrén et al., 1987, 1989; Huuskonen, 1989; Bjørnȧ, 1989; Reese et al., 1991; Nygrén, 1996;
Davies et al., 1997]. In most cases, 𝜈in is derived directly from fitting of the IS spectrum/autocorrelation func-
tion (ACF), which typically involves assumptions about ion and electron temperatures (often that they are
equal and/or equal to the neutral temperature). Bjørnȧ [1989] used combined ion line and plasma line mea-
surements to infer collision frequency profiles without any assumptions, using the measured plasma line
resonance frequency at discrete heights in the IS fitting process. This is a viable technique when plasma lines
can be detected in the E region. Another technique is to use the variation of measured ion drifts as a func-
tion of altitude [e.g., Nygrén et al., 1987, 1989; Davies et al., 1997; Burchill et al., 2012]. The ions will transition
from drifting with the neutral winds at low altitudes (collisional regime) to drifting at the E × B velocity at
high altitudes (collisionless regime). This method typically involves assumptions about the neutral winds
(often that they are negligible).

The assumptions required limit the utility of the IS measurements to static situations, when, for example,
it might be justifiable to assume that Te = Ti(= Tn) where Te, Ti , and Tn are the electron, ion, and neutral
temperatures, respectively. This limitation precludes measurement in situations where the atmosphere is
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Figure 1. (a) 𝜅e and 𝜅i for the electrons and ions. (b) Characteristic correlation time for the electrons and ions for the
European Incoherent Scatter (EISCAT) VHF and UHF systems. (c) Theoretical incoherent scatter ion line Doppler spectra
(normalized) as a function of altitude for the EISCAT VHF (black) and EISCAT UHF (red) using realistic temperature, col-
lision frequency, and electron density profiles (NmE of 1011 m−3 at 115 km altitude, and temperatures from the Mass
Spectrometer Incoherent Scatter (MSIS) model). The ionosphere is assumed to be composed purely of molecular species,
and Te∕Ti = 1 at all altitudes.

most strongly affected, such as times of intense frictional and particle heating. As we show in this letter,
multifrequency IS measurements can provide additional information on the collisionality of the medium
[e.g., Grassmann, 1993b] and allow for the determination of 𝜈in, and thus neutral density, while minimizing
the assumptions about the medium.

2. Multifrequency Incoherent Scatter Measurements

Figure 1a shows 𝜅e and 𝜅i, the ratio of the gyrofrequency to the collision frequency for the electrons and
ions, respectively, as a function of altitude, using neutral densities from the NRLMSISE-00 empirical neutral
atmosphere model [Picone et al., 2002]. These quantities are important because they show where electrons
and ions transition from collisionless to collisional electrodynamics. The ions are collisionless above ∼130 km,
whereas the electrons are collisionless at essentially all altitudes. This result underscores the utility of ion
line IS measurements in the ionosphere: at high altitudes, ion motions are tracers for electric fields, whereas
at low altitudes, they become tracers for neutral motions. More relevant to incoherent scattering is the colli-
sionality of the plasma on the scale of the Bragg scattering wavelength. An ISR will be sensitive to collisions
if the distance between collisions is ≪ 𝜆∕4𝜋 where 𝜆 is the probing wavelength. The particles then undergo
a random walk with a characteristic correlation time given by the time it takes to travel a distance 𝜆∕4𝜋.

To demonstrate the utility of multifrequency IS radar (ISR) measurements for studies of neutral properties
in the lower thermosphere, we utilize the EISCAT Tromsø ISR systems (at 69.58◦N,19.22◦E), which include
VHF (224 MHz) and UHF (933 MHz) transmitters. In addition, we collected data on two receive-only stations
at VHF, located in Kiruna, Sweden, and Sodankylä, Finland. The characteristic correlation time is shown in
Figure 1b for ions and electrons, for both the EISCAT VHF (224 MHz) and UHF (930 MHz) monostatic systems.
The ion motion will transition between 100 and 120 km, and electrons undergo a transition between 70 and
90 km, with the exact region determined by the value of the electron and ion collision frequencies.

Data were collected on 19 August 2013 7–11 UT (local time ∼ UT+1) as part of the EISCAT Peer-Review
Program. System pointing and setup are shown in Table 1. Of critical importance for this study is the ability
to measure IS spectra over a broad range of wave number (k) space. This need is enabled by the dual fre-
quency, approximately common-volume UHF and VHF transmissions A. In addition, the bistatic links provide
an additional independent measurement at a unique k, given by

k = |k| = |ks − ki|
where ks and ki are the scattered and incident wave number vectors, respectively. For this particular exper-
iment, the diversity in k provided by the bistatic links is not very significant, because of the particular
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Table 1. System Parameters for the Tromsø (T) UHF and VHF Monostatic Systems, as Well
as the Bistatic Kiruna (K) and Sodankylä (S) Linksa

System f (MHz) 𝜆 (m) k (rad/m) Azimuth Elevation Range (Altitude) (km)

T (UHF) 933 0.32 39.0 0.0◦ 45.0◦ 49–694

T (VHF) 224 1.34 9.34 0.0◦ 45.0◦ 35–508

K (VHF) 224 1.34 9.08 351.0◦ 17.2◦ 312.8 (99.6)

S (VHF) 224 1.34 8.57 322.2◦ 9.8◦ 465.4 (95.3)

aShown are the frequency, wavelength, wave number, azimuth, elevation, and
range/altitude of detection.

geometry chosen. As a result of transmission constraints, the radars were required to be pointed vertically
or to the north, which has the effect of making the incident and scattered wave numbers more parallel than
they could be. For the remainder of this paper, we will focus on the monostatic measurements, but high-
light the fact that bistatic links may provide the diversity in k necessary to realize these measurements. The
45◦ elevation angle for the Tromsø transmissions was chosen to mitigate clutter effects (particularly at VHF)
and allow for measurements at the lags necessary to observe collisional effects. Both systems utilized a
640 μs, 20 μs (3 km) baud (32 bit) alternating code [Lehtinen and Häggström, 1987] sampled at 10 μs (1.5 km).
IS autocorrelation functions were computed using 10 min averages prior to analysis.

Of most interest to this study are the differences in collisionality for the VHF and UHF probing wavelengths,
which imply that ion line measurements in the 80–120 km altitude range will look differently when probed
with different wavelengths. It was the purpose of this experiment to investigate those differences and
demonstrate the utility of multifrequency ISR measurements for deriving information on the collisional

Figure 2. Measured autocorrelation functions as a function of altitude and normalized lag (𝜏k∕2𝜋) for a single 10 min
integration window on 29 August 2013. Measurements from the Tromsø UHF system are shown in black, from the
Tromsø VHF in red, and from the Kiruna VHF in blue.
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Figure 3. (left) Ne ; (middle) Te (black) and Ti (blue); and (right)𝜈in for a single 10 min integration. Red curves show results
constraining Te =Ti , whereas blue and black curves allow Te ≠ Ti .

properties of the lower ionosphere. Example theoretical spectra are shown in Figure 1c that illustrate the
change in the incoherent scatter spectrum as the ions pass through the collisional transition region. The VHF
spectra will become sensitive to collisions at 110–120 km, and below that altitude strong differences exist
in the Doppler spectra at the different wave numbers. Those differences should allow for a constrained IS
fitting process to precisely derive 𝜈in.

Finally, in addition to these effects, in the lower ionosphere Debye-length shielding effects will reduce the
absolute power received by the UHF system relative to the VHF system. Below densities of 1011m−3, the ratio
of the power received at the two frequencies will deviate from unity and this provides information on Te∕Ti,
which can be used to constrain inversions. At low densities and high-collision frequencies, the narrowing of
the electron line causes increased power for a fixed bandwidth. To the extent that this information can be
used to provide information on Te∕Ti, the composition, and other properties of the lower ionosphere can
be investigated.

3. Results

Examples of autocorrelation function estimates from the VHF (red) and UHF (black) systems for a single
10 min integration window are shown in Figure 2. The lag axis has been normalized, and the ACFs are
plotted as function of 𝜏k∕2𝜋 where 𝜏 is the lag time. Collisionless IS predicts the expected value of the
normalized ACF (Fourier transform of the Doppler spectrum) to be identical. Indeed, this excellent agree-
ment is evident from the higher altitude observations in Figure 2 (left). The ACFs as a function of normalized
lag from the VHF and UHF are nearly identical. Below about 120 km, however, the correlation time of the
VHF increases relative to that of the UHF. This is the expected observation due to the scale-dependent colli-
sional effects. It is this feature of the measurements that allows for extraction of 𝜈in. The ACF from the Kiruna
VHF bistatic measurements at 100–105 km shows a very similar effect.

A standard IS model was fit to the combined ACF measurements from the two different frequencies simul-
taneously using a nonlinear least squares fitting algorithm, with independent height-by-height fits (see also
Grassmann [1993b]). Two different fitting approaches were employed. One used an assumption of Te = Ti ,
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Figure 4. For the ∼4 h integration window, (a) median 𝜈in using the constrained (Te =Ti) fits (red), and the unconstrained
fits (Te ≠ Ti) (black). Error bars span the interquartile range of the data. (b) 𝜈in for the unconstrained fits (Te ≠ Ti) (black).
For each altitude, the box spans the interquartile range of the data. The dashed line out of each box shows the range
of the data. The solid black line is at the median. The dashed blue lines correspond to MSIS collision frequencies for N+

2 ,
NO+ , O+

2 , and O+ , and the solid blue line is the composition-averaged collision frequency. (c) Estimated neutral mass
density, 𝜌, for the median values using the method described in the text. The blue curve is the MSIS neutral density.

leaving free parameters Ne, 𝜈in, Vi , and Ti . A second fit relaxed that assumption to allow for fitting of both
Te and Ti . The standard density-conserving Bhatnagar-Gross-Krook (BGK) [Bhatnagar et al., 1954] collision
model was used [Dougherty and Farley, 1963; Dougherty, 1963]. A result for the 10 min integration window
shown in Figure 2 is shown in Figure 3. Here we show Ne (left), Te, Ti , and Te = Ti (middle), and 𝜈in (right). In
this particular case, the Te = Ti assumption is valid up to ∼125 km. Above that altitude, Te begins to diverge
from Ti and the constrained fit chooses a midpoint value for the temperature. For these observations, the
effect of different temperatures on the collision frequency is not significant below 110 km. In the altitude
range 110–120 km, the collision frequency estimates from the constrained fits (Te = Ti) are somewhat lower
than from the unconstrained fits (Te ≠ Ti), but these differences are within the error bars. Above ∼125 km,
the errors on 𝜈in are very large, the collision frequencies are small, and the methodology breaks down.

The estimates of 𝜈in below 120 km are extremely robust in terms of convergence properties and insensitivity
to initial conditions. The collision frequencies decrease from > 104s−1 below 95 km to < 103s−1 at 120 km.
These results demonstrate the utility of this approach, allowing for unconstrained (Te ≠ Ti) measurements of
𝜈in in the lower thermosphere with simultaneous determination of classical IS parameters (Ne, Te, Ti, and Vi).

Averages of the collision frequency were computed over the 4 h observation window. These are shown
in Figure 4a, for the constrained and unconstrained fits. Both show a nearly exponential decrease in alti-
tude consistent with expectations. To show the full range of the data, the boxes in Figure 4b extend from
the lower to upper quartile values of the constrained fits. The dashed line out of each box shows the
range of the data. The solid black line is at the median. Overplotted are MSIS profiles in blue. MSIS collision
frequencies were determined for each ion species, i, as

𝜈MSIS
in =

∑
n

CinNMSIS
n (1)

where NMSIS
n is the number density for neutral species n obtained from MSIS, and Cin is either the nonreso-

nant or resonant collision
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Figure 5. (a) Fractional deviation in 𝜌 from MSIS and (b) line-of-sight
ion velocity. Error bars span the interquartile range of the data over
the 4 h integration window of Figure 4.

frequency coefficient (the latter being
temperature dependent), obtained from
Schunk and Nagy [2004]. The dashed blue
lines in Figure 4 (middle) correspond to
MSIS collision frequencies for N+

2 , NO+,
O+

2 , and O+, and the solid blue line is the
ion composition-averaged collision fre-
quency. The MSIS values fall within the
25–75% values of the measurements at
nearly all altitudes, with the exception
of the 95–105 km range where the MSIS
profiles are approximately 30–40% larger
than the median value of the measure-
ments. Shorter integration windows were
investigated and these deviations per-
sisted, implying statistical significance. The
nature of the differences will be further
investigated later.

Collision frequency can be converted
to neutral density using a mass density
model such that

𝜌̂ = A𝜈̂in (2)

where 𝜌̂ is the total estimated mass density (the carat refers to an estimated quantity) and A is an
altitude-dependent mass scaling factor, for which we use

A = 𝜌MSIS

∑
n CinNMSIS

n

. (3)

(Note that this constraint enforces 𝜌̂∕𝜈̂in = constant.) The mass density profiles are compared in Figure 4c.

Figure 5a shows the fractional deviation in the measured mass density from MSIS, with the error bars span-
ning the interquartile range of the 10 min estimates over the 4 h integration period. The fractional deviation
from MSIS fluctuates around 0, indicating on average good agreement with MSIS. However, below ∼110 km,
the measured values are smaller than MSIS, by ∼35%, and above ∼110 km they deviate positively by a sim-
ilar amount. The vertical half wavelength of this perturbation appears to be ∼15 km. In Figure 5b, we plot
the median line of sight ion velocity perturbation (close to the line-of-sight neutral wind at these altitudes)
which shows a similar perturbation, but 90◦ out of phase. It thus seems possible that this perturbation is a
result of a tide or low-frequency wave and not captured in the MSIS model.

4. Discussion and Conclusion

There are very few direct measurements of the collision frequency or neutral density in the lower ther-
mosphere. Yet particle precipitation and Joule heating maximize in this region, affecting the density and
thermal structure of the neutral and ion gases [e.g., Schunk and Sojka, 1995]. Molecular and turbulent diffu-
sion are both important in this region, and the dynamics are also affected by tides, gravity waves, and other
processes. The region is structured as a result of these phenomena.

Incoherent scatter measurements are sensitive to collisional properties of the ion gas in the mesosphere and
lower thermosphere, where the mean free path is close to the radar wave number. This sensitivity provides a
means to directly probe the neutral atmosphere in this region. Generally, however, it has been very difficult
to infer these properties [e.g., Huuskonen, 1989] because of ambiguities in the theory for a measurement at
a single wave number.

We have demonstrated that multifrequency measurements to achieve diversity in k can allow for direct
inference of the composition-weighted ion-neutral collision frequency in the upper mesosphere and lower
thermosphere, a technique first proposed by Grassmann [1993b]. By direct, we mean that no significant
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constraints are imposed on the interpretation of the IS spectra and that the measurements rely only on
the IS formalism (rather than a steady state ion-momentum equation, for example). We have demon-
strated the technique using measurements from the EISCAT VHF and UHF radar systems in Tromsø, Norway.
Over a 4 h, quiet, daytime observation window, median values agree with MSIS-predicted values to within
∼40%. The deviation from MSIS oscillates with altitude with a vertical wavelength of ∼30 km, correlated
but out of phase with the ion velocity, which we hypothesize to be due to a tidal or low-frequency wave
perturbation. This technique provides a direct measure of the neutral density and can be used to investi-
gate neutral atmosphere variations, for example, associated with magnetospheric energy input and lower
atmospheric forcing.

Moreover, IS inferences of other parameters, such as the neutral wind fields, are often based off of a steady
state ion-momentum equation and rely on a model for the neutral atmosphere [e.g., Heinselman and Nicolls,
2008]. A direct measurement of the collision frequency eliminates the need to use a model atmosphere in
these calculations. In addition, the nature of the collision operator in IS theory has always been somewhat
ad hoc. Most approaches, including this study, use a BGK collision operator that conserves particle density
[Dougherty, 1963]. However, other approaches, such as a BGK approach that conserves density, momentum,
and energy and Fokker-Planck operators [e.g., Hagfors and Brockelman, 1971] may be more valid, and indeed
may produce significantly different results [e.g., Grassmann, 1993a]. Direct measurements of the IS spectrum
at significantly different frequencies provide a means to test these theories.
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