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During March–April 2011 a campaign of coordinated observations was undertaken between the Poker
Flat Advanced Modular Incoherent Scatter Radar and the Poker Flat Scanning Doppler Imager. These
instruments provide horizontally resolved maps of plasma and neutral parameters in Earth's thermo-
sphere. We report on data collected during the campaign, and use these data to investigate two key
aspects of ion–neutral coupling, namely Joule heating and the ion–neutral collision frequency. Volumetric
Joule heating rates were often well correlated with measured ion temperature enhancements. The
contribution of the neutral wind dynamo to the observed heating rates was positive when the absolute
horizontal magnetic field perturbation (jΔHj) was less than approximately 40 nT, and negative above that
level. The total momentum–transfer ion–neutral collision frequency was estimated to be 1:02þ0:179

−0:152 s−1 at
an altitude of 260 km, which, for a neutral composition of 75% atomic oxygen, yielded an estimate of the
O+–O collision frequency of 0:766þ0:134

−0:114 s−1.
& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

High-latitude plasma motions are strongly influenced by elec-
tric fields originating from the magnetosphere. In turn, the neutral
thermosphere is coupled to the ionospheric plasma through
collisions, which mediate the transfer of momentum and energy
between neutral and ionic species. Through ion–neutral coupling,
the neutral atmosphere provides a sink for magnetospheric energy
via the dissipation of ionospheric currents (e.g. Cole, 1962), and a
source of currents through the action of the neutral wind dynamo
(e.g. Lyons et al., 1985; Thayer, 1992; Deng et al., 1993).

Investigations of ion–neutral coupling naturally require mea-
surements of both the ion and neutral components. Previous
observational studies include those by Nagy et al. (1974),
Burnside et al. (1983), Killeen et al. (1984), Rees et al. (1984),
Winser et al. (1988), Thayer et al. (1995a), Cierpka et al. (2000),
Kosch et al. (2001) and Aruliah et al. (2004, 2005). These studies
have frequently relied on point-measurements separated in time
and space, from which average flows were calculated, or in some
cases fully tristatic (e.g. Aruliah et al., 2004, 2005), but still single-
point, measurements. Recently, Kosch et al. (2011) reported on
plasma observations made with the EISCAT radar running in a
ll rights reserved.
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novel dish-scanning mode, which were compared with neutral
winds imaged with an all-sky scanning Doppler imager (Griffin
et al., 2008). These measurements allowed two-dimensional
horizontal ion and neutral flows to be estimated, and mesoscale
estimates of Joule heating to be made.

Whereas the EISCAT scanning mode described by Kosch et al.
(2011) required 17.8 min to complete a full scan, the Advanced
Modular Incoherent Scatter Radar (AMISR) system allows for
essentially simultaneous plasma measurements along multiple
beams through the use of a phased array. This greatly reduces
(and in many cases practically eliminates) the uncertainty in
separating out spatial and temporal changes from the measured
parameters.

From March 24 through April 5, 2011, a campaign of coordi-
nated observations was conducted between the Poker Flat
Advanced Modular Incoherent Scatter Radar (PFISR) and the Poker
Flat Scanning Doppler Imager (SDI). These two instruments
are located at the Poker Flat Research Range in Alaska (65.12N,
147.43W), and are ideally matched as they both provide simulta-
neous sampling of upper atmosphere plasma (PFISR) and
neutral (SDI) parameters at multiple locations within their respec-
tive fields-of-view, with high spatial and temporal resolution.
In the current work, data from this campaign were used to
investigate two key aspects of high-latitude ion–neutral coupling
in the F-region: Joule heating and the ion–neutral collision
frequency.
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2. Instrumentation

2.1. PFISR

The Poker Flat Incoherent Scatter Radar (PFISR) utilizes a
phased array to allow pulse-to-pulse electronic beam steering,
thereby providing the capability to sample along multiple beam
directions essentially simultaneously (Nicolls and Heinselman,
2007). The beam configuration used throughout the campaign is
shown in Fig. 1 (red squares showwhere PFISR beams intersect the
240 km altitude level). This particular beam configuration was
chosen to allow two-dimensional (horizontal) ion flow fields to be
derived, with the addition of a magnetic field-aligned beam
(marked by the blue cross in Fig. 1) for collision frequency
calculations (see Section 3.2).

PFISR data during the campaign were collected between 0700
and 1100 UT (∼1950–2350 magnetic local time), in the pre-
magnetic midnight sector. Eight days were used from the cam-
paign: March 24, 25, 26, 27 and 30, and April 1, 2 and 5. The
integration time for one complete sampling (i.e. along all 20
beams) was approximately 3 min. For the Joule heating analysis
(Section 3.1) the data were analyzed at this time resolution. For the
collision frequency analysis (Section 3.2) the data were post-
integrated in time to reduce measurement uncertainties, and the
effective integration time of the post-integrated data was approxi-
mately 9 min.

The red arrow in the inset panel in Fig. 1 indicates the direction
of geomagnetic north. This is the direction normal to the nominal
auroral oval at 240 km altitude, as derived from the DGRF/IGRF
geomagnetic field model (Gustafsson et al., 1992). With this choice
of geomagnetic north, auroral forms are typically aligned with the
geomagnetic east–west direction.

2.2. SDI

The Poker Flat Scanning Doppler Imager (SDI) is an all-sky
imaging Fabry–Perot spectrometer described by Conde and Smith
(1995, 1997). Wide-angle fore-optics combined with a separation-
scanned, large-aperture Fabry–Perot etalon and a thermoelectri-
cally cooled, electron-multiplying CCD detector allow the instru-
ment to accumulate spectra from multiple locations or ‘zones’
Fig. 1. SDI zones (black numbered annular segments) and PFISR beam positions
(red squares and blue cross-marking the magnetic field-aligned beam) on a map of
Alaska. Inset shows the full SDI zone map in relation to the Alaskan coastline, with
a black rectangle outlining the zoomed-in region shown in the main panel. The red
arrow indicates the direction of geomagnetic north (see text). (For interpretation of
the references to color in this figure caption, the reader is referred to the web
version of this paper.)
across the sky simultaneously. Interference filters are used to
isolate wavelengths of interest. A software-controlled filter-wheel
enables dynamic filter selection, and in particular allows the
spectrometer to observe in a wavelength-interleaved mode,
whereby two or more emission wavelengths can be observed in
an alternating cycle.

The SDI derives geophysical information by least-squares fitting
a Gaussian emission profile (convolved with a measured instru-
ment function) to the observed airglow spectra. Fitted parameters
are bulk velocity, temperature, emission and continuum intensity.
Velocities are derived relative to an assumed zero Doppler
reference, which in this study was calculated from the median
vertical wind speed over the entire night. This ensures that the
final derived vertical winds average to zero over the night, and is a
common assumption in the analysis of ground-based neutral wind
measurements (see Aruliah and Rees, 1995 for a discussion of this
assumption).

For the duration of the campaign the Poker Flat SDI observed in
a 557.7/630.0 nm wavelength-interleaved mode, alternating
between E-region (557.7 nm) and F-region (630.0 nm) atomic
oxygen airglow observations. Only F-region neutral measurements
will be presented here. The time resolution of 630.0 nm observa-
tions varied during the campaign between approximately 4 and
16 min, as the airglow emission intensity varied. For both the Joule
heating and collision frequency analysis, SDI data were linearly
interpolated in time where necessary to produce concurrent radar
and neutral data.
3. Analysis and results

3.1. Joule heating

In this paper we use the term ‘Joule heating’ when referring to
the dissipation of energy due to ion–neutral relative motion. The
volumetric Joule heating rate was calculated three different ways

∂QEff
j

∂t
¼ sPðEþ un � BÞ2 ð1Þ

∂QE
j

∂t
¼ sPE2 ð2Þ

∂Qj

∂t
¼ μniνninnðun−uiÞ2 ð3Þ

where the superscripts Eff (‘effective’) and E serve to distinguish
between these three different methods of calculation. Here sP is
the Pedersen conductivity, nn the neutral number density, B the
magnetic field (assumed equal to Bz ¼ −5� 105 nT), E the electric
field (assumed equal to −uF

i � B, where uF
i is the F-region ion drift

velocity), un and ui the neutral and ion velocity, μni ¼mnmi=ðmn þ
miÞ is the ion–neutral reduced mass, and νni is the mean frequency
with which neutral species collide with ions. The Pedersen
conductivity was calculated from (Brekke and Rino, 1978)

sP ¼
neq
jBj

Ωiνin
Ω2

i þ ν2in
ð4Þ

where ne is electron density (assumed equal to the ion density, ni,
by charge neutrality), q the magnitude of the electronic charge, νin
the mean frequency with which ionic species collide with neutrals,
and Ωi ¼ qjBj=mi is the ion gyro-frequency, for an ion of mass mi.
The collision frequency νin was estimated using (Schunk and Nagy,
2009, pp. 105, 107)

νin ¼ 1
3½c0nðOÞ þ c1nðO2Þ þ c2nðN2Þ� ð5Þ
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where

c0 ¼ 3:67� 10−11T1=2
r ð1−0:064 log10ðTrÞÞ2 cm3 s−1

c1 ¼ 6:64� 10−10 cm3 s−1

c2 ¼ 6:82� 10−10 cm3 s−1

and nðOÞ is the number density of atomic oxygen, etc. The mean
neutral-ion temperature is given by Tr ¼ ðTi þ TnÞ=2. Note that the
expression for c0 is the same as that given later in Eq. (21), and was
used in the Joule heating calculation as it is a standard empirical
formula which provides some height dependence through the Tr
term (the collision frequency which will be estimated in Section
3.2 is only valid at a single height). The neutral-ion collision
frequency νni was then calculated using the relation

nsmsνst ¼ ntmtνts ð6Þ
for any two species s and t.

Eq. (1) represents the product of the Pedersen conductivity and
the electric field in the frame of reference moving with the neutral
bulk velocity (the ‘effective’ electric field), while Eq. (2) assumes
that the neutral velocity is negligibly small, a common assumption
when collocated neutral wind measurements are unavailable. Eq.
(3) estimates the rate of heating directly from the ion neutral
relative motion. Note that the squared term in Eq. (1) differs from
that in Eq. (3) only in the height at which the ion velocity is
estimated. In the current study, this height difference had a
negligible impact on the ion velocity, therefore Eqs. (1) and (3)
can be considered approximately equivalent in this study.

Ion drift velocities were derived using the method described by
Semeter et al. (2010). The PFISR field-of-view (see Fig. 1) was
divided into a horizontal 4�4 grid of overlapping cells. The
overlap was set at 50% of the cell size, thereby imposing a spatial
smoothness constraint on the derived flow velocities. Radar line-
of-sight velocity samples between 200 and 400 km altitude were
projected onto this grid and the 2-dimensional flow vector within
Fig. 2. Ion drift vectors (red) and neutral winds (black) from April 5, 2011, overlaid onto
longitude (coordinates are given in the first panel, top left). (For interpretation of the refe
paper.)
each cell estimated using Bayesian inversion (see Semeter et al.,
2010, for details). For each grid cell, a neutral wind estimate was
obtained from the SDI viewing zone which was closest (geogra-
phically) to the center of that cell. Neutral wind vectors were
derived from the spatial variation of the measured line-of-sight
wind, as described by Conde and Smith (1998).

Having estimated the Joule heating rate the ion temperature
can be modeled by (e.g. Banks and Kockarts, 1973, p. 243)

Ti≃Tn þ 〈mn〉
3k

ðun−uiÞ2 ð7Þ

That is, the mean ion temperature (averaged over the grid) is
approximately equal to the neutral temperature (also averaged
over the grid) plus the contribution from frictional heating (k is the
Boltzmann constant). Eq. (7) assumes steady-state, incompressible
ion motion, and neglects heat advection, heat conduction, relative
ion–electron motion and heat exchange with the electron gas.
These assumptions are considered valid at altitudes below
approximately 400 km, and for length and time scales greater
than ≃15 km and a few seconds respectively (e.g. St.-Maurice et al.,
1999). Since the ion temperature is measured by the radar, direct
comparison with Eq. (7) is possible (cf. Cierpka et al., 2000).

Fig. 2 shows examples of derived ion drift (red arrows) and
neutral wind (black arrows) during a 1-h period on April 5, 2011.
This example is interesting because the ion–neutral flow was
tightly coupled between 0929 and 1007 UT, during which time
both neutral winds and ion drifts rotated from approximately
magnetic westward to magnetic southwestward flow. In the
panels at 0955 and 1007 UT small-scale curvature is evident in
both the ion and neutral flow. From 1020 UT until the end of
observations (at 1100 UT) the ion flow reverted to predominantly
magnetic westward flow while the neutral winds continued to
rotate toward magnetic southward flow. In the magnetic midnight
sector the neutral F-region flow above Alaska is usually dominated
by the emergence on the nightside of the antisunward cross-polar
a map of Alaska (grey shaded region). Light grey lines show magnetic latitude and
rences to color in this figure caption, the reader is referred to the web version of this
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cap flow, and this feature was becoming increasingly dominant in
the neutral wind fields shown in Fig. 2 as time progressed.

The altitude to which neutral wind and temperature measure-
ments made by the SDI correspond depends upon the height
profile of the airglow emission intensity. In order to extract radar
measurements at the same altitude as the neutrals, it is necessary
to estimate the altitude of peak airglow emission. The 630.0 nm
airglow height-profile was modeled using the equation of Sobral
et al. (1993), with model coefficients as found in de Meneses et al.
(2008). The mean peak airglow altitude throughout the campaign
(excluding April 1 and 2, see below) was 260 km, with a standard
deviation of 6.5 km.

On two days during the campaign (April 1 and 2), the electron
density profiles that were used as input to the airglow model did
not follow the clear Chapman-like profile that was observed
during the rest of the campaign, and at these times the modeled
airglow peak emission altitude was reduced to 220 km. This
resulted in the measured ion temperature (interpolated to the
modeled peak height) being systematically 100–200 K lower than
the neutral temperature at those times, indicating that the
modeled altitude was likely incorrect.

E-region neutral temperatures measured by the SDI (at
557.7 nm) on April 1 and 2 were approximately 100–200 K above
typical E-region (120 km altitude) temperatures. On April 1, for
example, a temperature enhancement of 200 K occurred over
approximately 3 h. Considerable experience stretching back over
a decade of 557.7 nm Doppler temperature observations (see for
example Holmes et al., 2005) indicates that this temperature
increase was due to variation in the E-region peak airglow
emission altitude, caused by a significant contribution from soft
electron precipitation. The strong temperature gradient in the E-
region makes temperatures inferred from 557.7 nm airglow mea-
surements very sensitive to changes in the peak emission height.
In addition, such a large temperature increase, if it were due to
actual in-situ heating (for example Joule heating), would necessa-
rily be associated with sustained upward vertical motion, as the
local hydrostatic balance would have been significantly perturbed.
No sustained vertical winds of significant magnitude were
observed during the periods of temperature increase, thus we
attribute these temperature enhancements to airglow peak height
variation caused by soft electron precipitation.

Assuming a dominant contribution from soft electron precipi-
tation in the F-region at these times, the peak 630.0 nm airglow
emission altitude would likely lie above 240 km, typically between
250 and 300 km (see for example Figure 4 of Roble and Rees,
1977). Since the airglow model was unable to provide reliable
estimates of airglow peak height on April 1 and 2, we manually
selected a peak altitude which resulted in the best agreement
between modeled ion temperature (Eq. (7)) and measured ion
temperature. The peak emission altitude which resulted in the
best agreement on those nights was 270 km.

Having obtained time-series of peak airglow emission altitude,
radar data were linearly interpolated to that altitude or, in the case
of the electron density, were calculated directly from a fitted
Chapman function (see Section 3.2). In evaluating Eqs. (1) and (3),
the ion–neutral velocity difference (squared) was taken as the
median of ðun−uiÞ2 calculated from the winds derived in each grid
cell. Neutral number densities at the peak airglow altitude were
obtained from the empirical NRLMSISE-00 atmospheric model.

Figs. 3 and 4 summarize the Joule heating analysis over 8 days
of the campaign. Note that the days are not all consecutive, as
cloud or poor data quality precluded the inclusion of 5 other days.
Panels in these figures are labelled A–F, and show: (A) the median
vector velocity difference in geomagnetic coordinates (averaged
over all grid cells), (B) the neutral temperature (black), measured
ion temperature (blue), predicted ion temperature from Eq. (7)
(red) and the NRLMSISE-00 modeled (green) temperature, (C) the
volumetric Joule heating rate calculated using Eqs. (1) (red), (2)
(blue) and (3) (black), (D) the electron density (black) and
630.0 nm airglow emission intensity (red), (E) the modeled peak
airglow altitude (black) and calculated sP (red), and (F) the Dst
index (red) and absolute magnetic field perturbation (black).

The first four days of the campaign (Fig. 3) were magnetically
quiet, however appreciable heating was observed on March 24 and
25, of approximately the same peak magnitude and during the
same UT time period. Both of these periods corresponded to times
of increased shear in the neutral wind field associated with minor
auroral activity (note that the change in neutral wind speed over
the PFISR field-of-view caused by this shear was not significant).
All three estimates of the Joule heating rate agreed closely during
the period of peak heating, and the predicted ion temperatures
(red) showed good agreement with the measured ion
temperatures.

On March 26 and 27, when local magnetic activity was
extremely low and heating rates correspondingly small, the pre-
dicted ion temperature showed negligible enhancement over the
neutral temperature, which did not agree well with the time-
variations of the measured ion temperature, despite the absolute
values of both ion and neutral temperatures being close (median
difference was 44 K on March 26 and 77 K on March 27). We note
that the ion temperatures may be affected by the assumptions
underlying the ion composition model, which may influence the
comparison.

The last three days in Fig. 4 showed elevated levels of magnetic
activity, particularly April 2. Heating rates on April 2 were elevated
between 0700-0830 and 0930-1030 UT, associated with significant
meridional shear in the neutral zonal flow. Modeled ion tempera-
tures showed good agreement with the measured ion tempera-
ture. Average neutral temperatures on April 1 and 2 were also
elevated, likely due to the increased levels of geomagnetic activity
associated with the minor storm period of April 2–5, as indicated
by the Dst index.

Variations in modeled emission altitude can affect the Joule
heating rate (derived from Eqs. (1)–(3) through changes in the
Pedersen conductivity and neutral density. However the magni-
tude of the altitude variations observed during the campaign were
small (generally less than 20 km), and from this we conclude that
the variations in the Joule heating rates shown in Figs. 3 and 4 are
dominated by actual in-situ heating, and are not simply due to
changes in airglow emission altitude (although this effect will be
present to a small degree whenever the emission peak is time-
varying).

3.2. Collision frequency

The ambipolar diffusion velocity for a major ion species is given
by (see for example Schunk and Nagy, 2009)

u∥
i ¼ u∥

n−Da
1
ni

∂ni

∂r
þ 1

Tp

∂Tp

∂r
þmig∥

2kTp

� �
ð8Þ

where the ∥ superscript refers to the magnetic field-aligned
direction, r is a coordinate along this direction (with the positive
direction in the sense of increasing altitude), i and n refer to ion
and neutral species, and Tp ¼ ðTi þ TeÞ=2 is the plasma (mean ion/
electron) temperature. The ambipolar diffusion coefficient Da is
given by

Da ¼
2kTp

miνin
ð9Þ

Following Wickwar et al. (1984, Appendix), the effect of ion
composition is included by replacing mi with 〈mi〉 and miνin with
〈miνin〉≃〈mi〉〈νin〉. Eqs. (8) and (9) can then be combined to give the



Fig. 3. Summary of Joule heating calculation during the campaign. Panels show: (A) ion–neutral vector difference, (B) temperature (neutral—black, ion measured—blue, ion
predicted—red, NRLMSISE-00 modeled—green), (C) Joule heating rate calculated using Eqs. (1) (red), (2) (blue) and (3) (black), (D) electron density (black) and airglow
emission intensity (red), (E) modeled airglow peak emission altitude (black) and Pedersen conductance (red), and (F) the Dst index (red) and absolute magnetic field
perturbation jΔHj (black). Each column of the figure shows a different day, indicated at the bottom of the plot. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)
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total momentum–transfer ion–neutral collision frequency

〈νin〉¼
2kTp

〈mi〉ðu∥
n−u

∥
i Þ

1
ni

∂ni

∂r
þ 1

Tp

∂Tp

∂r
þ 〈mi〉g sin ðIÞ

2kTp

� �
ð10Þ

where I≃77:51 is the inclination of the geomagnetic field. All
quantities on the right-hand side of Eq. (10) were measured in
the present study, except for the ion mass. The ion mass was
estimated using the composition weighted mass average, where
the ion composition was calculated using a photochemical model
(Richards et al., 2009, 2010) and the measured ne. At the altitudes
of interest in this study, median 〈mi〉 throughout the campaign was
within 20% of the oxygen mass, thus for simplicity in what follows,
we assume that 〈νin〉≃νOþn, and we denote this quantity by νin.

The location at which the magnetic field-aligned direction
crosses 240 km altitude is shown by the blue cross in Fig. 1. Radar
measurements from this field-aligned beam and neutral measure-
ments from the SDI zone 2 were used in the collision frequency
analysis. Radar data were linearly interpolated where necessary to
the modeled airglow peak altitude (as described in Section 3.1).
The electron/ion density gradient ∂ni=∂r was calculated by first
fitting a Chapman function to the measured neðrÞ ¼ niðrÞ profile,
following the method described by Burnside et al. (1983). This
function has the form

NðrÞ ¼ a0 expða1½1−f−a2 expð−f Þ�Þ ð11Þ
where

f ¼ z−z0
H

ð12Þ

H¼H0 þ βðz−z0Þ ð13Þ
In these equations z is the altitude, which is related to the range r
by z¼ r cos ðθÞ, with θ the zenith angle of the radar beam under
consideration. The peak of the height profile is determined by z0,
while H0 represents a scale-height, and the remaining coefficients
a0, a1, a2, β control the magnitude and shape of the height profile.



Fig. 4. Same format as Fig. 3.

C. Anderson et al. / Journal of Atmospheric and Solar-Terrestrial Physics 105-106 (2013) 313–324318
A weighted non-linear least-squares fit of Eq. (11) to the
measured ni(r) (weighted by the inverse of the measurement
uncertainties) gave a set of best-estimates for the 6 coefficients
fa0; a1; a2; z0;H0; βg. The analytic derivative of Eq. (11) was then
used to estimate ∂ni=∂r. On April 1 and 2 the Chapman profile did
not fit the measured ne well, and on these days linear interpolation
was used to calculate ni at the airglow altitude, and finite-
differencing used to estimate ∂ni=∂r. Again following Burnside
et al. (1983), the gradient of Tp was estimated with a linear fit to
the measured TpðrÞ ¼ ðTeðrÞ þ TiðrÞÞ=2. Representative examples of
fitted N(r) and Tp(r) profiles are shown in Fig. 5.

The derivation of Eq. (10) assumes that the momentum balance
is in a steady-state by neglecting the time-derivative of the ion and
electron velocity (and thereby neglecting waves). Advection is also
neglected, as is the divergence of the ion stress tensor along the
field aligned direction, heat flow, centripetal and Coriolis accel-
eration, and externally imposed parallel electric fields. It is there-
fore only valid under very quiet geomagnetic conditions, for which
the assumptions listed above are most likely to be satisfied. Such
conditions are very difficult to attain at auroral latitudes, where
ionospheric currents and plasma convection can be highly variable
in space and time (e.g. Heppner et al., 1993).

In order to estimate the value of each of the parameters on the
right-hand-side of Eq. (10) under very quiet geomagnetic condi-
tions, the following procedure was used. First, local geomagnetic
activity was quantified by the magnitude of the horizontal
magnetic field deviation measured by the Poker Flat magnet-
ometer (jΔHj). Then, each of the parameters were sorted into jΔHj
bins of width 8 nT, and medians taken over each bin. For
jΔHjo40 nT (see Fig. 6 for the distribution of magnetic activity
during the campaign) the trends followed by the medians were
approximately linear, therefore least-squares linear regression was
used to fit a simple linear model (y¼ ajΔHj þ b), and the ‘low
activity’ estimate of the given parameter (y) was then given by b
(since y¼b for jΔHj ¼ 0). The uncertainty in ywas estimated by the
1s uncertainty in the fitted coefficient b. The binned parameters
and fitted linear models are shown in Fig. 7.

Table 1 lists the fitted ‘zero activity’ estimates of each para-
meter, and the associated 1s uncertainty. These estimates were
then used to solve Eq. (10) directly. Monte-Carlo simulation was



Fig. 5. Top panel: measured electron density ne (black squares) and associated
uncertainties (error-bars), with the fitted profile of Eq. (11) overlaid. Lower panel:
measured Tp and associated uncertainties (error-bars) with linear fit overlaid. Note
that measurements with large uncertainties are given low weight during the fitting
process, and at the latitudes of interest (200–300 km), uncertainties are
generally low.

Fig. 6. Histogram of magnetic activity as parameterized by jΔHj. Only observations
corresponding to values of jΔHjo40 (indicated by the solid vertical line) were used
in the collision frequency calculation. Note that higher levels of jΔHj were recorded
during the campaign, however the number of such measurements was very low,
and thus the distribution shown here is terminated at 60 nT. Note also that this
figure corresponds to the post-integrated (lower time-resolution) PFISR data (see
Section 2.1).
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used to estimate the uncertainty in the derived νin. Random,
normally distributed populations of each of the parameters in
Table 1 were generated, where each population had a mean equal
to the value in column 2 of the table and standard deviation equal
to the uncertainty shown in column 3. Values of νin were then
calculated from 1 000 000 random samples from each population.
The resulting distribution of νin was approximately log-normal, for
which the estimate of uncertainty was the standard deviation of
the natural logarithm of the variable

μν ¼
1
N

∑
N−1

0
lnðνinÞ ð14Þ

sν ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

∑
N−1

0
½lnðνinÞ−μν�2

s
ð15Þ

where N¼1 000 000. Estimates of the upper and lower 1s bounds
of the calculated νin were then given by

7δνin ¼ νine7sν ð16Þ
The final collision frequency estimate was

νin ¼ 1:02þ0:179
−0:152 s−1 ð17Þ

where the asymmetry of the uncertainties arises from the non-
Gaussian distribution of νin.

The modeled emission altitude and atomic oxygen fractional
number density (estimated from NRLMSISE-00) were extrapolated
back to the assumed ‘zero activity’ level in the same manner as the
parameters in Table 1. The altitude to which the collision
frequency given by Eq. (17) corresponds is 260 km. This estimate
for νin represents the total momentum–transfer collision frequency
for a major ion (in this case O+) at an altitude of 260 km (the
estimated ‘zero activity’ altitude), and therefore contains contribu-
tions from all neutral species. However, the composition at F-
region altitudes is dominated by atomic oxygen, and therefore the
ion–neutral collision frequency is dominated by the resonant
charge exchange reaction between O+ and O. There has been
some argument as to the correct empirical expression for the O+–O
collision frequency (see the discussion in Section 4.2).

The fractional composition of atomic oxygen at 260 km (at the
assumed ‘zero activity’ level) was approximately 75%. With this
estimate of the composition, we estimate the O+–O collision
frequency as

νðOþ ;OÞ ¼ 0:766þ0:134
−0:114 s−1 ð18Þ
4. Discussion

4.1. Joule heating

One important result of the Joule heating analysis is the
magnitude of the contribution of the neutral dynamo to the
electric field. Neglecting the neutral wind often led to an under-
estimation of the Joule heating rate. Fig. 8 shows the fractional
difference between the Joule heating rates calculated using Eqs.
(1) and (2)

ΔQ ¼
QEff

J −QE
J

QEff
J

ð19Þ

ΔQ was averaged over the eight days of the campaign, as a
function of magnetic local time, using time bins of width 20 min.
On average the neutral wind dynamo accounted for 36% of the
effective Joule heating rate (QEff

J ), which compares well with the
contribution of 29% derived by Aruliah et al. (2005). Taking the
absolute value of ΔQ (thereby considering only the magnitude of
the neutral wind dynamo contribution to the electric field,
regardless of the sign of that contribution), the median of jΔQ j
was 64%. This indicates that the neutral wind can effect a



Fig. 7. Observations binned by magnetic activity (jΔHj). Data points show the median of each parameter within the given magnetic activity bin, with error-bars indicating
the standard error of the distribution within each bin. Solid lines show linear trends fitted to the binned data.

Table 1
‘Zero activity’ parameter estimates.

Parameter Value (jΔHj ¼ 0) 1s Uncertainty

ni 6.95�1010 m−3 3.53�109 m−3

∂ni=∂r 7.11�105 m−4 4.05�104 m−4

Tp 1030 K 13.6 K
∂Tp=∂r 1.33�10−3 K m−1 8.79�10−5 K m−1

u∥
n−u

∥
i

20.8 m s−1 3.18 m s−1

mi 17.1 amu 0.0670 amu

Fig. 8. The contribution of the neutral wind dynamo to the effective Joule heating
rate, averaged over the eight days shown in Figs. 3 and 4. Note that these are
averages of the signed quantity ΔQ as defined in Eq. (19). Data were averaged over
20 min time bins. Error-bars show the standard error of the mean within each bin.
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significant modification of the electric field, as suggested, for
example, by Thayer (1992). Fig. 8 also shows a systematic variation
with local (magnetic) time, with the neutral wind contribution
peaking around an hour before magnetic midnight. The data
presented by Aruliah et al. (2005) for a single night also showed
a peak in the neutral wind contribution, however in that case the
peak occurred closer to 0300 MLT.

The averages in Fig. 8 are dominated by quiet magnetic
conditions, for which the neutral wind contribution was generally
positive (i.e. the effect of the dynamo was to increase the electric
field). However, under elevated levels of magnetic activity, the
effect of the neutral dynamo was often to reduce the effective
Joule heating rate, as can be seen from Fig. 9. The same trend was
observed by Cierpka et al. (2000), from data recorded on two
nights in November 1998. In that study distributions of QE

J −Q
Eff
J

were strongly peaked at positive values (indicating a negative
contribution from the neutral dynamo) under active conditions
(KP ¼ 7−;5−), and negative values under quiet conditions
(KP ¼ 0þ;0), however the quiet-time distribution was less strongly
peaked than the active-time distribution.

Thayer et al. (1995b) simulated the effect of the neutral
dynamo on the electromagnetic energy flux under moderate to
quiet geomagnetic activity (11 GW hemispheric power, solar
F10:7 ¼ 220� 10−22 W m−2 Hz−1). These authors observed that the
effect of the neutral wind was to reduce the Joule heating rate (by
as much as a factor of 3), particularly over the polar cap. In the
current dataset, hemispheric power (obtained from NOAA POES
satellite measurements) was ≥11 GW for jΔHj≥30 nT, which is



Fig. 9. Top panel: the contribution of the neutral wind dynamo to the effective
Joule heating rate as a function of magnetic activity. The jΔHj bin width for
averaging was 5 nT for low activity (jΔHjo30) and 60 nT for higher activity levels
(jΔHj≥30). Error-bars show the standard error of the mean. Bottom panel: the
number (log10) of observations within each magnetic activity bin.
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close to the transition region between positive and negative
neutral wind contribution in Fig. 9. Taking into account the greater
level of solar activity in the simulation (F10:7 during the campaign
was approximately 110� 10−22 W m−2 Hz−1), the simulations
reported by Thayer et al. (1995b) show some qualitative agree-
ment with the results presented in the current work. A larger
dataset covering a wider range of geomagnetic conditions would
be required to investigate these relationships in more detail.

We also note that during periods of enhanced Joule heating, the
ion temperature predicted by Eq. (7) often agreed well with the
ion temperature measured by the radar. Cierpka et al. (2000)
observed similarly good agreement between modeled and mea-
sured ion temperatures. In the current work, however, at times
when the Joule heating rate was low, the measured ion tempera-
ture was frequently higher than that predicted from Eq. (7), since
at those times the predicted temperature was essentially the
neutral temperature. This may have been caused by a failure of
the airglow model used in this work to accurately capture varia-
tions in the peak airglow emission altitude, which would mean
that the measured temperatures displayed in Figs. 3 and 4 at those
times did not correspond to the altitude at which neutral mea-
surements were made. For example, on March 26 and 27, there
were periods where the ion temperature was approximately 100 K
above the neutral (and predicted ion) temperature, whereas it was
well modeled by NRLMSISE-00 at the predicted airglow altitude. It
is possible that at those times the airglow emission was coming
from a lower altitude than predicted, giving rise to a systematic
offset, or that other (significant) sources of ion heating were
present which were not accounted for in the model.

4.2. Collision frequency

The efficiency of the ion–neutral coupling process is quantified
by the collision frequency, νin. This parameter controls the forma-
tion of the F2-layer via plasma diffusion (Moffett et al., 1990), and
the strength of the ion–neutral momentum–transfer and heating
terms in the atmospheric equations of motion and energy. It is
thus a critically important quantity for first-principles based
upper-atmospheric models.

A number of authors have investigated the ion–neutral collision
frequency at E-region altitudes (e.g. Schlegel et al., 1980;
Lathuillére et al., 1983; Fla et al., 1985; Huuskonen et al., 1986;
Kirkwood, 1986; Nygrén, 1996; Sangalli et al., 2009; Burchill et al.,
2012), and found them to be in reasonable agreement with values
derived empirically using modeled atmospheric densities. At F-
region altitudes, however, agreement with empirically modeled
values has been variable.

The collision frequency at F-region altitudes is dominated by
the resonant charge exchange reaction between O+ and O. Various
expressions for the frequency of this collision have been derived
from theoretical principles. The calculations of Stubbe (1968),
Stallcop et al. (1991) and Pesnell et al. (1993) have resulted in
expressions for the collision frequency that agree to within a few
percent (Omidvar et al., 1998). Hickman et al. (1997) improved
upon these theoretical expressions by including fine structure
effects, and the empirical fit to their results was given by

νðOþ ;OÞ ¼ 5:92� 10−11 nðOÞT0:393
r 1þ 96:6

Tr

� �2
" #

ð20Þ

where n(O) is the number density of atomic oxygen (in cm−3). An
earlier expression for the collision frequency, which has often been
cited in the literature, was given by Schunk and Walker (1973)

νðOþ ;OÞ ¼ 3:67� 10−11 nðOÞT1=2
r ð1−0:064 log10TrÞ2 ð21Þ

Empirical estimates of νðOþ ;OÞ from observational data have
however shown some discrepancy with the theoretical expres-
sions (see Salah, 1993 for a concise review). A statistical method
due to Burnside et al. (1987) has been most commonly used to
estimate νðOþ ;OÞ from concurrent plasma and neutral measure-
ments. This method attempts to minimize the residual between
a modeled neutral meridional wind (employing radar data and the
ambipolar diffusion equation) and the directly measured neutral
wind (usually from Fabry–Perot interferometer measurements).
The parameter which is varied is a scaling factor for νðOþ ;OÞ.

From measurements made at Arecibo (lat. 181), Burnside et al.
(1987) concluded that the collision frequency given by Eq. (21)
should be scaled by a factor F ¼ 1:7þ0:7

−0:3 . A number of other
observational studies have also indicated that an increase in the
ion–neutral collision frequency as parameterized by Eq. (21) (or
similar parameterizations by other authors, see Salah, 1993 and
references therein) was required. These studies were carried out at
Arecibo and Millstone Hill, i.e. at low to mid latitudes.

At auroral latitudes, Winser et al. (1988) estimated collision
frequencies directly from the ambipolar diffusion equation (Eq.
(8)), using incoherent scatter radar (EISCAT) measurements of the
plasma and Fabry–Perot measurements of the neutral wind. These
authors derived ion–neutral collision frequencies which were
approximately a factor of 3 lower than those modeled by Eq.
(21). A later study by Davis et al. (1995), using the technique
described by Burnside et al. (1987), derived a scaling factor of
F¼1.2. These authors also pointed out that measurement noise
tends to increase the derived value of F, a conclusion also reached
by Reddy et al. (1994). Recently, Wu et al. (2012) have used a
balloon-borne Fabry–Perot spectrometer in conjunction with EIS-
CAT measurements to estimate a daytime Burnside factor of
F ¼ 0:85þ0:55

−0:30 .
The weight of observational evidence supporting an increase in

the parameterized νðOþ ;OÞ resulted in the recommendation of an
interim standard collision frequency, primarily to facilitate inter-
comparison between different incoherent scatter radar wind
measurements. The expression for the interim standard was given
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by (Salah, 1993)

νðOþ ;OÞ ¼ 4� 10−11 T1=2
r nðOÞ ð22Þ

This expression was derived by scaling an earlier expression due to
Dalgarno (1964), which is approximately equal to that given by Eq.
(21) over the temperature range of interest.

Since the ion–neutral collision frequency depends most critically
on the neutral density, which is not expected to vary considerably
over the time scales of interest here, the statistical technique of
Burnside et al. (1987) has the advantage of using multiple data points
to produce a robust estimate of the scaling parameter F, and hence
νðOþ ;OÞ. However, it is not always clear how well the modeled neutral
winds match those which are directly observed, even after the
residual has been minimized. In contrast, the direct calculation of
Winser et al. (1988) provides time-dependent estimates of νðOþ ;OÞ,
however it is exceedingly sensitive to (in particular) uncertainties in
the ion–neutral velocity difference term of Eq. (10).

The method used in the present work provides an alternative way
of estimating the collision frequency, whereby statistical regression is
used to estimate values for the parameters in Eq. (10) under the lowest
levels of geomagnetic activity, and these are then used in the ‘direct’
calculation of νðOþ ;OÞ. Time-dependence is sacrificed for improved
statistical confidence in the terms of the ambipolar diffusion equation,
and estimates are obtained for each of those terms under conditions
for which the diffusion equation is most likely to be valid.

To place the current estimate of νðOþ ;OÞ (Eq. (18)) in the context
of the empirical expressions given above, the ‘zero activity’
estimates of the νðOþ ;OÞ from each of the expressions given by
Eqs. (20)–(22) have been calculated in the same manner as the
parameters in Fig. 7. The comparison of these results is given in
Table 2 (note that all results refer to the zero-activity altitude of
260 km). The uncertainties for the model values given in the table
are the 1s uncertainties in the linear regression, and do not reflect
the much larger systematic uncertainty in the estimates of neutral
density, which have been derived from NRLMSISE-00.

The result derived in the current paper falls between the
estimates given by Hickman et al. (1997) and Schunk and Walker
(1973) expressions, which are both within the limits of our
experimental uncertainty (in fact both estimates are 0:54s away
from our value). The value given by Salah (1993) expression is
approximately 2:9s greater than our estimate. With a larger
dataset, the statistical uncertainties in our estimate of νðOþ ;OÞ
should decrease, and possibly allow us to discriminate between
Hickman et al. (1997) and Schunk and Walker (1973) expressions.

The experimental value of νðOþ ;OÞ ¼ 0:766þ0:134
−0:114 can be used to

estimate the atomic oxygen number density (corresponding to an
altitude of 260 km), by rearranging one of the empirical expres-
sions for νðOþ ;OÞ. For example, by rearranging Eq. (20), we obtain

nðOÞ ¼ 9:26þ1:62
−1:38 ð108 cm−3Þ ð23Þ

Extrapolating the NRLMSISE-00 estimates of n(O) back to the ‘zero
activity’ level gives:

nðOÞmsis ¼ 9:75þ0:115
−0:115 ð108 cm−3Þ ð24Þ

The model and experimental estimates of atomic oxygen number
density are therefore close, and provide an additional check on the
Table 2
νðOþ ;OÞ comparison.

νðOþ ;OÞ (s
−1) 71s (s−1) Source

1.16 0.027 Salah (Eq. (22))
0.838 0.017 Hickman (Eq. (20))
0.766 +0.134, −0.114 Current work
0.704 0.015 Schunk (Eq. (21))
self-consistency of the calculations. Finally, these estimates for the
oxygen number density can be used to arrive at an estimate of the
Burnside factor, for which we obtain

F ¼ 0:950þ0:179
−0:151 ð25Þ

We note that this value is close to that estimated by Wu et al.
(2012), taking into account the experimental uncertainties in both
values.
5. Conclusion

A coordinated campaign of observations between the Poker
Flat Advanced Modular Incoherent Scatter Radar (PFISR) and the
Poker Flat Scanning Doppler Imager (SDI) was conducted between
March 24 and April 5, 2011. These instruments have the capability
to map two-dimensional (horizontal) temperature and flow struc-
tures in the plasma (PFISR) and neutral (SDI) components of the
upper atmosphere. Data from this campaign were used to inves-
tigate ion–neutral coupling in the high-latitude (auroral) F-region,
specifically Joule heating and the ion–neutral collision frequency.

The key findings from this study are summarized below
1.
 Volumetric Joule heating rates often correlated well with
enhancements in the ion temperature. Predicted ion tempera-
tures often showed good agreement with measured ion tem-
peratures during periods of enhanced Joule heating, however,
when heating rates were low, measured ion temperatures were
generally higher than those predicted, possibly due to uncer-
tainties in the modeled peak airglow altitude.
2.
 The average neutral wind dynamo over the entire data set
contributed on average 36% of the effective Joule heating rate.
In absolute terms, the contribution of the neutral dynamo
(neglecting the difference between positive and negative con-
tributions) was 64%, highlighting the important role that neutral
dynamics play in the ionosphere–thermosphere system.
3.
 Under low levels of local magnetic activity (jΔHj≲40 nT), the
effect of the neutral dynamo was to increase the Joule heating
rate, and the magnitude of the increase on average peaked
approximately 1 h before magnetic midnight during the cam-
paign. For jΔHj≳40 nT, the effect was to reduce the Joule
heating rate, in agreement with the results of Cierpka et al.
(2000), and in qualitative agreement with the simulation
results of Thayer (1992).
4.
 Use of the ambipolar diffusion equation for calculation of the
ion–neutral collision frequency requires very quiet geomag-
netic conditions, conditions which are often difficult to obtain
at high latitudes. By extrapolating the measured terms in the
diffusion equation back to a ‘zero activity’ level, we were able to
obtain a single estimate of the ion–neutral collision frequency
(corresponding to an altitude of 260 km) from 8 days of
campaign data

νin ¼ 1:02þ0:179
−0:152 s−1 ð26Þ
5.
 Extrapolating the neutral composition back to the ‘zero activity’
level gave the fractional number density of O as 75% (at
260 km), and this was used to estimate the O+-O collision
frequency as

νðOþ ;OÞ ¼ 0:766þ0:134
−0:114 s−1 ð27Þ

This estimate lies between the values calculated from expres-
sions given by Schunk and Walker (1973) and Hickman et al.
(1997), both of which are within the 1s experimental uncer-
tainty of the current result.
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The SDI has the ability to map neutral winds and temperatures
at multiple altitudes by using different wavelength filters. PFISR is
able to sample along multiple range-resolved beams essentially
simultaneously, providing volumetric measurements of the iono-
sphere. Both instruments can be configured to operate routinely in
these modes. As such, routine observations of ion–neutral coupling
through direct (spatially resolved) measurement of both plasma
and neutral dynamics are now possible, and such coordinated
observations in conjunction with ground-based all-sky cameras
and magnetometers could provide a unique and extensive data-
base for future studies of high-latitude ion–neutral interactions,
particularly as we move toward the peak of the current solar cycle.
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