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Mesoscale observations of Joule heating near an auroral arc
and ion-neutral collision frequency in the polar cap E region
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[1] Wereport on the first mesoscale combined ionospheric and thermospheric observations,
partly in the vicinity of an auroral arc, from Svalbard in the polar cap on 2 February 2010.
The EISCAT Svalbard radar employed a novel scanning mode in order to obtain F and

E region ion flows over an annular region centered on the radar. Simultaneously, a colocated
Scanning Doppler Imager observed the E region neutral winds and temperatures around
110 km altitude using the 557.7 nm auroral optical emission. Combining the ion and neutral
data permits the £ region Joule heating to be estimated with an azimuthal spatial resolution
of ~64 km at a radius of ~163 km from the radar. The spatial distribution of Joule heating
shows significant mesoscale variation. The ion-neutral collision frequency is measured

in the E region by combining all the data over the entire field of view with only weak aurora

present. The estimated ion-neutral collision frequency at ~113 km altitude is in good

agreement with the MSIS atmospheric model.

Citation: Kosch, M. J,, et al. (2011), Mesoscale observations of Joule heating near an auroral arc and ion-neutral collision
frequency in the polar cap E region, J. Geophys. Res., 116, A05321, doi:10.1029/2010JA016015.

1. Introduction

[2] At high latitudes, magnetosphere-ionosphere coupling
is achieved through large-scale field-aligned current (FAC)
systems [e.g., lijima and Potemra, 1976; Kosch and Nielsen,
2001; Zmuda and Armstrong, 1974]. In the premagnetic
midnight dusk sector, downward FACs flow equatorward of
the upward return currents and vice versa in the postmagnetic
midnight dawn sector. The large-scale morphology of the
FACs is controlled by the interplanetary magnetic field (IMF)
B, and By components [Weimer, 2001]. For B, negative the
statistical strength of the FAC is controlled by the amplitude
of B, [Kosch and Nielsen, 2001]. For B, positive, the FAC
strength weakens and breaks up into multiple zones [Friis-
Christensen et al., 1985; lijima and Shibaji, 1987]. These
currents close via poleward (equatorward) ionospheric Ped-
ersen currents in the dusk (dawn) sector and dissipate energy
via Joule heating, which is largely an E region phenomenon
in the ionosphere [Brekke and Rino, 1978].
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[3] Ionospheric Joule heating is an important energy
sink for the magnetosphere [4kasofu, 1981; Rodger et al.,
2001], accounting for ~55-60% of the global energy bud-
get [Tanskanen et al., 2002; Ostgaard et al., 2002] and is
usually greater than the energy dissipated from particle pre-
cipitation [e.g., Ahn et al., 1983; Banks et al., 1977; Ostgaard
et al., 2002]. Unfortunately, it is difficult to monitor the
global ionospheric electric field and Pedersen conductance
simultaneously, which is why global Joule heating is often
parameterized using geomagnetic indices [e.g., Aikio and
Selkdld, 2009; Kosch and Nielsen, 1995, and references
therein]. Height-integrated ionospheric Joule heating is typ-
ically <30 mW/m?, although peak values can be much greater
than this [Kosch and Nielsen, 1995]. Joule heating is often
expressed by the simplified equation, which ignores the
neutral wind dynamo:

Om = E*Sop (1)

where F is the electric field magnitude and o p is the height-
integrated Pedersen conductance [Kosch et al., 1998]. The
ionospheric Pedersen conductivity is obtained from [Brekke
and Rino, 1978; Egeland et al., 1973]

qne ke ki
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where ¢ is the electronic charge, n, is the plasma density from
radar measurements, and B is the magnetic field strength.
Here k£ = Q/v, where 2 is the cyclotron frequency, v the
collision frequency with neutrals, and e and i denote electrons
and ions, respectively. Also, 2 = gB/m, where m is the species
mass. B and v can be estimated from models. Here op peaks
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around 120-130 km in the ionosphere. The lower E region
ion-neutral collision frequency can be obtained from Schunk
and Nagy [2009], assuming an ion composition of 75% NO"
and 25% O3, including resonant collisions between O, and
O3 [Schunk and Walker, 1973], and neglecting lighter ions
such as O" below 140 km altitude:

v, =429 x 10700y, +4.23 x 107, +2.41 x 10792y Hz
3)

where 7 is the neutral density of the relevant species obtained
from the MSIS model [Hedin et al., 1977]. Referenced to the
fixed frame of the Earth, the ionospheric electric field (E) is

expressed by
E=— (E x B) (4)

where V' is the ion velocity observed by radar in the near-
collisionless F region (>200 km). Assuming no other forces
except an electric field in a magnetized plasma, the general-
ized ion motion (V) is given by [Brekke, 1997]

k E K ExB

1+k2 B )

V=
4 1+i2 B

and the direction of the ion flow relative to the electric field
vector (0) is given by [Brekke et al., 1990]

tan(6) = k; (6)

Whether the first or second term of equation (5) dominates the
ion velocity direction depends on the value of 4;. In the near-
collisionless F' layer (>200 km), the second term dominates
and the ion velocity is perpendicular to the electric and
magnetic field directions. This gives the ionospheric electric
field directly from equation (4). In the highly collisional
D region (<90 km), the first term dominates and the ion
velocity is in the direction of the electric field. However,
somewhere in the E region, where k; = 1, the ion flow will be
at 45° to the F and E x B directions. This depends on altitude
as (); depends linearly on B and v; depends linearly on n,, (see
equation (3)). In the auroral zone, for |1El > 25 mV/m, Fujii
et al. [1998] found that ions moved in the £ x B direction
at altitudes > 117 km and in the E field direction at altitudes
< 101 km. These altitudes are not fixed since the neutral
density (n,,) is variable, as witnessed by strong vertical winds
in the £ layer up to 50 m/s [e.g., Price et al., 1995] and F'layer
upto 150 m/s [e.g., Innis et al., 1999; Rees et al., 1984] which
are often associated with auroral precipitation or Joule heat-
ing events [Smith, 1998, and references therein]. Of course,
equations (5) and (6) are modified if neutral winds are present
as the drag term will add another vector component to the ion
velocity, especially below ~110 km [Brekke et al., 1990].

[4] It is well established that high-latitude thermospheric
neutral circulation is driven by ion drag, solar heating pres-
sure, advection (momentum), viscous and Coriolis forces.
Ion drag through ion-neutral collisions and pressure gradients
due to solar heating are normally the dominant driving forces
in the F layer [e.g., Killeen and Roble, 1984] but advec-
tion, solar heating, and Coriolis forces may all exceed the ion
drag force, depending on the plasma density height profile
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[Crickmore, 1995]. The pressure from solar heating and the
Coriolis force are normally the dominant drivers of neutral
dynamics in the E layer although ion drag and advection may
also be important depending again on the plasma density
[e.g., Killeen and Roble, 1984, 1986; Maeda et al., 1999;
Nozawa et al., 2005; Tsuda et al., 2007]. Tsuda et al. [2009]
showed that the pressure gradient from Joule heating could
become the dominant force in the E region. In the polar cap,
Nozawa et al. [2005] and Tsuda et al. [2007] showed from
ground-based radar observations that ion drag above 118 and
106 km, respectively, played a role in neutral wind acceler-
ation, consistent with >105 km derived from satellite obser-
vations by Richmond et al. [2003]. On the other hand, Tsuda
et al. [2007] also showed that ion motion below 104 km in
the polar cap was controlled by the neutral winds through
collisions. Hence ~105-120 km is the transition region,
below which the neutrals control the ions and above which
the ions, driven by the magnetospheric convection electric
field, control the neutrals.
[5] The ion-neutral coupling e-folding time (7;,) is given
by
=Ly )

n; Vi

where n; is the ion density. In the thermospheric F' layer,
neutral circulation broadly follows plasma convection with
an e-folding time of 0.5-3.5 h [Heelis et al., 2002; Killeen
and Roble, 1984, 1988; Kosch et al., 2001a], depending
on geomagnetic activity, season, and local time. The ion drag
e-folding time has not been measured in the £ layer. How-
ever, since v; is linear with n,, (see equation (3)) [Schunk
and Nagy, 2009], the change in e-folding time essentially
becomes a function of plasma density with altitude. At
high latitudes, auroral precipitation frequently enhances the
E region plasma density by an order of magnitude or more,
enhancing coupling between ions and neutrals. Therefore the
dominant circulation driver, i.e., ions or neutrals, depends on
the local plasma density [Tsuda et al., 2007].

[6] E region winds maximize around 100—110 km altitude
with maximum speeds exceeding 100 m/s [Nozawa and
Brekke, 1999] and may experience a large shear with a ver-
tical scale of 10 km or less [Larsen, 2002]. The E region
neutral wind (Ufg) can be derived from radar observations of
the E region ion velocity (V) as follows [Rino et al., 1977]:

— k[ — — —
lE/:IE/—E(E-I—Ib{xB) (8)

where E is obtained from equation (4). This has been done
successfully in the height range 90—120 km using a model for
v; to obtain &; [e.g., Maeda et al., 1999; Nozawa and Brekke,
1999; Nozawa et al., 2005, 2006; Tsuda et al., 2007]. If the
assumption Ug = 0 is made, then equation (8) can be trivially
rearranged to solve for k; and hence v;. This has been done
successfully for heights <140 km [e.g., Davies et al., 1997,
and references therein]. However, if U is also observed by an
optical method (described below) then v; can be determined
uniquely without any assumptions. A similar technique has
been used in the F' region using radar and optical observations
at high [Winser et al., 1988; Davis et al., 1995] and low
[Burnside et al., 1987] latitudes. We employ this ground-based
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technique for the first time in the lower E region using
simultaneous ion and neutral flow observations. Once v; is
known, equation (3) is trivially rearranged to solve for n,,
although it is not possible to determine the neutral composi-
tion. The solar minimum period of cycle 23/24 recently ended
has experienced solar and geomagnetic activity at their lowest
point for a century [Lockwood et al., 2009; Russell et al.,
2010]. Deep solar minima are associated with atmospheric
cooling and therefore contraction [Emmert et al., 2010;
Russell et al., 2010]. Satellite observations of the ionosphere
[e.g., Heelis et al., 2009] and the thermosphere [e.g., Emmert
etal.,2010] at400 km altitude show that both were cooler and
less dense in 2008 than at any other time since the beginning
ofthe space age. In particular, Emmert et al. [2010] found that
the global average thermospheric mass density to be 10-30%
lower than expected. Since estimates of anthropogenic forc-
ing and long-term climatological trends cannot account for
most of the density change [Emmert et al., 2010], the main
driver appears to be solar EUV [Solomon et al., 2010]. We
use equations (8) and (3) to compare the E region ion-neutral
collision frequency from observations to that derived from
the MSIS atmospheric model.

[7] Thermospheric neutral winds and temperatures can be
derived from passive Doppler measurements of the naturally
occurring 630 and 557.7 nm optical emissions in the " and
E layers, respectively, using ground-based Fabry-Perot
interferometers (FPI) [e.g., Hernandez, 1986]. Since these
are passive observations, the derived neutral winds and tem-
peratures will be an average in altitude weighted according to
the optical emission intensity profile. Traditionally, an aver-
age neutral wind vector has been derived by scanning the sky
at different azimuths at a fixed zenith angle for an assumed
altitude, typically close to ~240 and ~115 km for 630 and
557.7 nm, respectively [Griffin et al., 2006; Kosch et al.,
2000a]. This technique is greatly enhanced by the recent
development of scanning Doppler imagers (SDI), which can
derive line-of-sight wind measurements from many tens of
software-defined directions simultaneously in a wide field of
view [Conde and Smith, 1997, 1998]. The information from
all line-of-sight Doppler measurements is used to derive an
equivalent horizontal wind vector field assuming the vertical
winds are small. Details of the fitting algorithm are given by
Anderson et al. [2009, and references therein]. The assump-
tion of small vertical thermospheric winds, especially in the
E'region, is generally valid for quiet to moderate geomagnetic
conditions [e.g., Kosch et al., 2000b]. In addition, a practical
difficulty is that the SDI can only unambiguously measure
vertical winds in the zenith line of sight and it cannot be
assumed that this vertical atmospheric motion is the same
over the whole instrument’s field of view [e.g., Price et al.,
1995; Kosch et al., 2000b]. Despite this limitation, the SDI
is powerful for two reasons: (1) it can differentiate between
spatial and temporal ambiguities in the thermospheric neutral
wind field and (2) it observes with mesoscale resolution in
multiple directions simultaneously. The typical time resolu-
tion of this optical technique is 1-20 min, depending on the
emission intensity. The typical spatial resolution is about 50
and 100 km in the £ and F layers, respectively.

[s] The O'S emission at 557.7 nm results from a com-
bination of three sources, namely, airglow around the meso-
pause at about 97 km [Phillips et al., 1994], dissociative
recombination in the thermosphere, and auroral particle pre-
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cipitation in the £ region [Rees, 1989]. The primary flux of
electron energy into the auroral atmosphere is 1-10 keV
[Burch, 1991]. Optical triangulation has shown that the
aurora normally occurs above 100 km altitude [ Currie, 1955;
Stormer, 1955]. At high latitudes, the auroral component
dominates when present but can be highly variable in inten-
sity and height, which is related to the energy (Y) of the
precipitating particles as follows [del Pozo et al., 1997]:

Y(H) =4 x 10°e7 %10 (keV) (9)

where H is height in kilometers. Since the O'S emission
may occur at any height from ~97 to ~200 km, spanning
many scale heights, no default altitude can be assumed when
making passive observations. However, the altitude can be
determined either by comparing the observed neutral and ion
temperatures derived from SDI and radar data, respectively,
comparing the observed neutral temperature with thermo-
spheric models (e.g., CTIP) [Kosch et al., 2010] or by mod-
eling the photon production rate from the plasma density
profile [Link and Cogger, 1988; Viasov et al., 2005]. In the
lower E region, T; = T, to a reasonably good approximation
[Griffin et al., 2006; Kurihara et al., 2009; Nozawa et al.,
2006]. During periods of Joule heating, 7; > T, by up to
~20% have been inferred from radar data between 105 and
115 km altitude [Maeda et al., 2002]. During periods of
large electric field enhancements (100 mV/m) 7'; can exceed
T, by up to ~30% at 116 km [Maeda et al., 2005, Figure 3].
In this study we have used the last two methods for estimating
the effective 557.7 nm emission height.

[s9] The spatial scales of structures in the ionospheric
auroral plasma can vary from the whole auroral oval down to
the Debye length limit [Galperin, 2002]. In particular, auroral
arcs may be 100s to even 1000s of km geomagnetic east-west
aligned but the average optical width of steady state auroral
arcs is only 18 = 9 km [Knudsen et al., 2001]. Auroral pre-
cipitation is associated with upward FACs [e.g., Arnoldy,
1974; Kamide and Akasofu, 1976] and local changes in
ionospheric conductivity [e.g., Kosch et al., 2001b]. The
upward FAC must return via an equivalent downward FAC in
order to satisfy current continuity, connecting in the iono-
sphere via Pedersen currents [Tsunoda et al., 1976] and dis-
sipating energy in the form of Joule heating (see equation (1)).
The closing downward current normally appears equator-
ward (poleward) of the auroral arc in the dusk (dawn) sector,
consistent with the large-scale ionospheric electric field
associated with ionospheric convection [Aikio et al., 1993;
Armstrong et al., 1975; Lewis et al., 1994], although this is
not always the case [Opgenoorth et al., 1990]. Normally, the
local arc-induced ionospheric electric field enhances the
large-scale convection electric field. However, the downward
current is carried by cold ionospheric electrons propagating
upward [Arnoldy, 1974], which leaves a region typically less
than 100 km wide adjacent to the auroral arc where a plasma
depletion of 20 to 70% (average 45%) may occur within a
minute, though it typically takes 5 min to develop [Doe et al.,
1993, 1995]. The plasma depletion results in a similar
decrease in Pedersen conductivity (see equation (2)). Hence
in order to satisfy current continuity, intense horizontal
ionospheric electric fields, possibly exceeding 100 mV/m,
pointing into the auroral arc can develop in a narrow region,
possibly less than 45 km wide, on the equatorward (poleward)
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side of auroral arcs in the dusk (dawn) sector [4ikio et al.,
1993; Fujii et al., 2009; Lewis et al., 1994; Opgenoorth
et al., 1990]. Radar [e.g., McCrea et al., 1991; Stiles et al.,
1980] and rocket studies [e.g., Evans et al., 1977; Marklund
et al., 1982] have all found that strong Joule heating
occurred near the boundaries of auroral arcs but was weak
within the aurora itself.

[10] Codrescu et al. [1995] showed that including electric
field variability always increased the estimated Joule heating
rate compared to using averaged electric fields. Using tem-
porally and spatially averaged electric fields can result in
20-65% [Rodger et al., 2001] and 50% [Codrescu et al.,
2000] underestimation of the total Joule heating, respec-
tively. In addition, Cierpka et al. [2000] showed that ignoring
the F' region neutral wind when estimating the ionospheric
electric field resulted in an error of up to 60% in the F layer
Joule heating calculation. Aruliah et al. [2004] found that the
F region neutral wind dynamo was on average 50% of the
magnetospheric electric field and contributed an average 41%
of in situ Joule heating. A similar study has not been done
in the E layer, although Brekke and Rino [1978] found the
maximum in ionospheric Joule heating occurred around 110-
130 km altitude. Of course, the E region neutral winds can
substantially affect the transfer of energy from the magneto-
sphere into the ionosphere. Fujii et al. [1999] and Thayer
[1998] estimated that ~35% and ~30%, respectively, of the
total energy entering the ionosphere went into accelerating
the E region neutral wind and the rest into Joule heating.
However, the E region neutral wind effect is height dependent
and the neutral winds can also act as a dynamo releasing
energy into the thermosphere [Fujii et al., 1999; Thayer,
1998]. Kosch et al. [2010] showed that mesoscale neutral
winds in the upper E region (>128 km) could be dramatically
changed by the appearance of auroral arcs. They showed that
the neutral winds within ~50 km of an auroral arc could rotate
their direction by ~90° within 7—16 min in the height range
~130-200 km. This was attributed to ion drag as a result of
the enhanced electric field and plasma density associated with
auroral precipitation, which is consistent with Nozawa et al.
[2005] who found that ion drag became an important force
above 107 and 118 km in the auroral oval and polar cap,
respectively.

[11] The Coupled Thermosphere lonosphere Plasmasphere
(CTIP) model [Fuller-Rowell and Rees, 1980; Millward
et al., 1996] consists of a global thermospheric model, a
high-latitude ionospheric model, and a midlatitude and low-
latitude ionosphere/plasmasphere model. The thermospheric
code simulates the time-dependent global structure of the
wind vector, temperature, and density of the neutral ther-
mosphere by numerically solving the nonlinear equations of
momentum, energy, and continuity on a 3-D spherical polar
grid rotating with the Earth. The high-latitude ionosphere
convection model calculates field-aligned ion velocity com-
ponents from the field-aligned momentum equation. The
model includes chemistry, gravity, and ion-ion and ion-
neutral collisional drag. The ionosphere is computed self-
consistently with the thermosphere poleward of 23° latitude
in both hemispheres. Transport under the influence of mag-
netospheric electric fields is explicitly treated, assuming £ x B
drifts and collisions with neutral particles. CTIP uses the
following input parameters: Hemispheric Power (GW) and
Hemispheric Power index (activity level), F10.7 radio flux,
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and ionospheric electric fields obtained from the Weimar
electrodynamics model which uses solar wind density and
velocity as well as IMF data for input. The model latitude,
longitude, and time resolution is 2°, 18°, and 72 min,
respectively, and the altitude range spans approximately 80 to
1000 km in 15 logarithmically spaced pressure levels.
Codrescu et al. [1997] found that a closely related model
(CTIM) underestimated the global large-scale thermospheric
neutral temperature compared to measurements during geo-
magnetic storms when the average electric field was used for
Joule heating calculations. However, it is clear that the reason
for this discrepancy is because the CTIP/CTIM model neither
has the spatial nor temporal resolution to directly model
mesoscale auroral features. This is true for all current atmo-
spheric general circulation models.

[12] The strength of the FAC, ionospheric Joule heating,
plasma convection, and neutral winds are all increased during
geomagnetic activity and auroral substorms and never dis-
appear completely even during quiet periods [e.g., Aruliah
et al., 1991; Kosch and Nielsen, 1995, 2001; McCormac
et al., 1987; Senior et al., 1990]. It is clear that mesoscale
observations of the ionospheric electric field and Pedersen
conductance as well as the thermospheric neutral winds are
important to the total global energy budget of the magneto-
sphere-thermosphere system. In the past, such spatial reso-
lution has not normally been available over a wide field of
view. We present mesoscale spatial observations of £ region
Joule heating in the vicinity of an auroral arc with unprece-
dented spatial resolution.

2. Experiment and Data

[13] Simultaneous E region observations of neutral wind
and ion flow in the vicinity of an auroral arc have been
undertaken using a Scanning Doppler Imager (SCANDI)
[Aruliah et al., 2010] and the EISCAT Svalbard Radar (ESR)
[Wannberg et al., 1997], both located at 78.2° N, 16.0° E in
the polar cap near Longyearbyen on Svalbard. SCANDI
observed 557.7 nm in the E region with 7 min integration.
Figure 1 shows the data layout of SCANDI (black solid lines)
in an all-sky angular format. The field of view is subdivided
into 25 sectors within four azimuthal annuli with zenith angles
of 0—16° (1 sector), 17-44° (4 sectors), 45-59° (8 sectors),
and 60—67° (12 sectors). This corresponds to horizontal radial
distances at the center of each annulus of 0, 62, 140, and
218 km at an altitude of 110 km. The colocated traditional FPI
was intended to observe 630.0 nm in the F region by pointing
in the four cardinal directions plus vertical but a technical
fault resulted in 557.7 nm observations only from this instru-
ment. We therefore have no F region neutral wind observations.

[14] It was intended that the ESR 32 m dish scan 360° in
azimuth angle at 1.5°/s with a constant zenith angle in the
middle of each SCANDI annulus, i.e., at 30, 52, and 64° zenith
angle. The intended dish scan sequence was 360° clockwise
at 30° zenith angle, 360° anticlockwise at 52° zenith angle,
360° clockwise at 64° zenith angle, 360° anticlockwise at
52° zenith angle, repeated continuously. ESR license restric-
tions did not permit the 64° zenith angle, so the maximum
zenith angle allowed was used (60°). To prevent cable wind-
up because of the odd number of SCANDI annuli, the middle
annulus was scanned twice in each cycle. During zenith angle
changes, set for azimuth = 135°, the transmitter was to be
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Figure 1. SCANDI sectors (black), intended ESR scan
(blue), and actual ESR data points (red) on an all-sky projec-
tion. The outer circle represents the horizon at a zenith angle
of 90°.

connected to the fixed field-aligned 42 m dish to make near-
vertical observations (field-aligned at 8°S). The intended
ESR 32 m dish scan is shown in Figure 1 (blue lines). The
ESR was operated using the standard STEFFE1 radar code
with range gates from 90 to 1000 km, a range resolution of
2.4 km and 6.4 s data integration time. Unfortunately, a
synchronization error of the azimuth and zenith control of
the 32 m dish, as well as the transmitter switching times to
the 42 m dish, occurred. Figure 1 shows the ESR measure-
ment locations in 6.4 s increments for a complete scan (red
squares). Multiple data from the same position are not obvi-
ous where the dish was stationary, especially for the middle
annulus. The net result was that the 32 m dish spent too much
time at azimuth = 135° making multiple observations with-
out changing zenith angles or switching the transmitter to the
42 m dish, zenith angle changes took place at incorrect azi-
muth angles, and switching the transmitter to the 42 m dish
resulted in large data gaps in the 32 m azimuth scan
(approximately one third of each azimuth scan is missing
data). To ameliorate the situation, the two highest zenith angle
scans have been combined, effectively eliminating all ESR
data gaps for the middle SCANDI annulus. The effective
zenith angle for this synthesized ESR annulus is 56° with the
original data corrected for the geometry change. The highest
zenith angle SCANDI data effectively has no ESR data to
accompany it, thereby reducing the field of view of this study.
For the low zenith angle ESR scan, the missing data have
been modeled using the vector fitting algorithm [4nderson
et al., 2009]. Of the total 17.8 min radar scan time, 4 min is
spent on the 30° zenith angle, 12 min is spent on the syn-
thesized 56° zenith angle, and 1.8 min is spent changing
zenith angle or not scanning. Of course, the 42 m dish field-
aligned data were unaffected.
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[15] Horizontal ion flow fields have been derived from the
line-of-sight ion velocity data using a similar algorithm to
that used to derive the neutral wind fields. This algorithm is
described in detail by Anderson et al. [2009, and references
therein] and is routinely used to generate neutral wind vector
fields. However, for the ion flow fields the algorithm has been
modified to allow for the uneven azimuth sampling resulting
from the dish scan error. Instead of directly calculating the
Fourier coefficients around each azimuthal ring (as is done for
the neutrals), these coefficients have been obtained by least
squares fitting a sinusoidal function to the azimuthal variation
of line-of-sight velocity data in each annulus. Each compo-
nent of the flow field is then described by a first-order Taylor
expansion about the zenith, with uniform flow and gradient
terms given in terms of the fitted Fourier coefficients. As with
the neutrals, the assumption of a constant magnetic meridi-
onal flow field along the magnetic zonal direction has been
used to constrain the fit. Note that the resulting vector flow
fields (neutrals and ions) make use only of the fitted com-
ponent normal to the line of sight when line-of-sight data is
available at a given position in the sky; thus each fitted vector
is made up of a directly measured line-of-sight component
and a fitted normal component, and the derived vector flow
fields retain any mesoscale variability present in the measured
line-of-sight data.

[16] A significant limitation of the ESR scan is that it took
17.8 min to complete. This is approximately 2.5% longer than
the SCANDI integration (7 min). Therefore it was necessary
to find an aurora that was stationary within the field of view
for this length of time. This scenario only occurred approx-
imately once within the 3 day campaign covering 2, 9, and
16 February 2010. We analyze an almost-stationary aurora
for 23362354 UT on 2 February 2010. We also investigate
geomagnetically quiet periods before (2312-2330 UT on
2 February 2010) and after (0036-0054 UT on 3 February
2010, hereafter labeled 24362454 UT) the aurora appeared.
Here 2312-2330 UT had no aurora present and 2436—
2454 UT had some quiet aurora present near the southeast
horizon. All periods are used for mesoscale Joule heating
calculations. Only the last period is used for estimating the
E region ion-neutral collision frequency using equation (8).
Geomagnetic conditions were moderately active with K, =
3—4 in the period of interest. The IMF data from the ACE
satellite in GSM coordinates, adjusted by 48 min to account
for the solar wind speed of ~520 km/s, gives B, in the range
—5.9 to +2.8 nT, By in the range —2.2 to —6.0 nT and By in
the range +0.1 to +4.6 nT throughout the period of interest.
SuperDARN global ionospheric convection (not shown)
shows Longyearbyen under a weakly developed dawn con-
vection cell, consistent with B, mostly positive and By, neg-
ative. There are no SuperDARN backscatter data directly
over Longyearbyen; however, weak eastward convection is
observed over the northern Scandinavian sector.

[17] Inverting the plasma density profiles obtained from the
ESR field-aligned 42 m dish gave the effective 557.7 nm
emission altitude to be in the range 105-117 km with an
average of 110.5 km during the periods of interest [Link and
Cogger, 1988; Viasov et al., 2005]. From equation (9), this is
consistent with auroral precipitation of 3—10 keV [del Pozo
et al., 1997]. The CTIP model has low temporal resolution
(72 min.) but comparing modeled and observed neutral
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Figure 2. Averaged all-sky images of the aurora with F region ion (yellow) flow vectors overlaid for
(a) 2312-2330 UT, (b) 2336-2354 UT, (c) 24362454 UT and with E region ion (yellow) and neutral (blue)
flow vectors overlaid for (d) 2336-2354 UT and (e) 2436—2454 UT on 2 February 2010. The green vectors
are modeled without line-of-sight data.
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Figure 3. A schematic vertical cut radially through the ESR
scan space. The plot is approximately to scale. The ESR beam
directions are represented by solid arrows. The SCANDI sec-
tor boundaries are represented by dashed arrows. Angles are
measured in degrees from the zenith.

temperatures (~360 K) at 2340 UT gives a height of
~114.5 km, consistent with the estimate (~109.3 km) based
on the ESR data for the same time. The ESR 32 m data was
binned into 22.5° azimuthal sectors and height integrated for
105-115 km in the E region and 200-300 km in the F region,
the latter primarily to obtain the ionospheric electric field.
Unfortunately, the nighttime £ region plasma density in the
polar cap during solar minimum was so low in the absence
of aurora (<2 x 10'® el/m?) that the radar observations have
low signal-to-noise ratio. However, expanding the E region
height range beyond one scale height (~10 km) was con-
sidered undesirable. Increasing the integration time is not
possible because of the continuous 32 m dish motion. How-
ever, when the aurora appeared the plasma density was >5 x
10" el/m’. The situation in the F layer is significantly better
because of the higher plasma density and 100 km height
integration. Hence we are unable to use the E region ion
temperature data to provide an accurate cross-check of the
557.7 nm emission altitude estimate. The E region neutral
temperature, averaged over the entire field of view, is ~375—
415 £ 5 K during the period of interest and is consistent with
the ion temperature in the same height range. Our observa-
tions agree well with previous ESR ion temperature obser-
vations [Maeda et al., 2002, 2005] obtained without beam
scanning and employing longer integration times. The low
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neutral temperature variability indicates a relatively constant
557.7 nm emission altitude. The ESR plasma density and
velocity observations were usable throughout the experiment.
During the periods of interest, the field-aligned ion velocity
was < 65 m/s while the vertical £ region neutral wind was <
20 m/s. Therefore along with the almost-stationary aurora,
the conditions for obtaining the equivalent horizontal ion
flow in the E and F regions, and neutral flow in the E region,
were reasonably met.

[18] Figure 2 shows the fitted horizontal ESR ion velocities
(yellow) and SCANDI neutral velocities (blue) overlaid on an
averaged all-sky image in geographic coordinates. The green
vectors at low zenith angle are modeled data to close the ESR
data gaps (described above). Each vector is centered on its
location. Note the different vector scales for each data type.
Figures 2a, 2b, and 2c show the spatial distribution of
F region ion flow in 22.5° sectors for 30 and 56° zenith angle
at 2312-2330, 2336-2354, and 24362454 UT, respectively.
Figures 2d and 2e show the spatial distribution of E region
ion flow in 22.5° sectors for 30 and 56° zenith angle at
2336-2354 and 24362454 UT, respectively, for 105-115 km
altitude. Overlaid are the £ region neutral wind vectors, one
for each SCANDI sector. The E region ion and neutral flow
data for 2312-2330 UT are not shown because of the low
plasma density and optical emission intensity from the lack
of particle precipitation, which resulted in low ESR and
SCANDI data signal-to-noise ratios. An unfiltered all-sky
color camera recorded optical images of the sky every 3 min
using 2 min integration. The arithmetic mean of the appro-
priate images was taken to form a single image for each of the
three selected study periods (each of ~18 min duration) to
demonstrate that the aurora is either absent or present and near
stationary. The white dotted arcs in the images are due to
the moving stars. The yellow illumination on the northwest
horizon is stray light from a neighboring instrument dome.
Note that the figures are in angular coordinates, so the F' layer
data does not overlay the E layer data directly. Likewise, the
location of the F' region ion flow vectors does not relate well
to that of the aurora.

[19] The geometry of the experiment has the low zenith
angle annulus in the F region vertically above the high zenith
angle annulus in the £ region, which coincides with the
middle annulus of £ region neutral winds from SCANDI. The
magnetic field inclination over Svalbard is only ~8°, i.e.,
effectively vertical. Figure 3 shows a schematic vertical cut
radially through the data presented in Figure 2. The figure
is approximately to scale. The ESR beam directions are
represented by solid arrows at 30° and 56° zenith angle. The
SCANDI sector boundaries are represented by dashed arrows
at45° and 60° zenith angle. For the height range 105—115 km,
the synthesized E region ESR data at 56° zenith angle covers a
radial distance of 156—170 km, whereas the SCANDI sector
at 45-60° zenith angle covers 110—-190 km. We denote the
effective radial distance of the combined data as 163 km. This
gives an azimuthal distance of 64 km for the 22.5° sectors.
The F region ESR data at 30° zenith angle intersects the
middle annulus SCANDI sector boundaries at 190-329 km
altitude, which conveniently allows integration over 200—
300 km in the F layer to obtain a good estimate of the iono-
spheric electric field from equation (4). Unfortunately, the
F region neutral winds are unknown. However, since we
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Figure 4. The spatial distribution of Pedersen conductance in 22.5° sectors about Longyearbyen projected
to 110 km for (a) 2312-2330 UT, (b) 2336-2354 UT, and (c) 24362454 UT on 2 February 2010. In Figures 4b
and 4c the aurora is overlaid for 110 km altitude.
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Figure 5. The spatial distribution of Joule heating in 22.5° sectors about Longyearbyen projected to 110 km
for (a) 2312-2330 UT, (b) 23362354 UT, and (c) 2436-2454 UT on 2 February 2010. In Figures 5b and 5c
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Table 1. Pedersen Conductance (C, mho), Integrated Between 95
and 145 km Altitude, Ionospheric Electric Field (E, mV/m), Joule
Heating Values (J, mW/m?) for the Middle SCANDI Annulus
Along With Error Estimates®

Sector and 23122330  2336-2354  2436-2456
Azimuth Range uT uT uT

360° Average 0.52+0.04 2.79+0.06 1.98 +0.06
326 +72 38.1 £6.5 19.8 £ 3.8
063 +022 41+14 0.81 £ 0.31
393 £2.6 381 £ 3.0
0.79 £ 0.15 2.77 £0.08 1.09 + 0.03
21.5+4.7 392 +6.7 19.0 £ 3.6
036 £0.17 424 +1.5 0.39 £ 0.15
386 £ 1.8 392 £3.1
024 £0.01 2.21+0.03 1.46+0.07
334+74 382 +£6.5 21.1£4.0
027 £0.12 32=+1.1 0.65 £ 0.25
386 + 1.8 392 £3.1
043 £0.03 1.73+£0.07 1.65+0.11
334+74 382 +£6.5 16.1 £ 3.1
048 £022 25+09 043 £0.16
445 +£ 2.7 419+£29
0.34 £ 0.01 1.87+£0.02 1.48+0.02
334+74 382 +6.5 21.1+£4.0
0.81 £0.38 2.7+09 0.66 £ 0.25
445 £ 2.7 419 £29
0.27 £0.01 243 +£0.02 1.27+0.02
334+74 382 +£6.5 21.1 £4.0
030+0.13 35+1.2 0.56 £ 0.21
437+ 3.4 417 £2.9
0.24 £ 0.02 241 +0.02 1.66 +0.02
266+59 446+7.6 245+47
0.17+0.08 48=£1.6 1.0 £ 0.38
436 + 3.4 417 £2.9
0.27 £0.01 1.71 £0.02 1.98 +0.02
22.0+4.38 36.3£6.2 30.1 £5.7
0.18 £ 0.06 226 +0.77 1.79 £ 0.68
386 £ 2.5 379 £2.8
0.24 £0.01 1.79 £0.02 1.92 +0.05
304+ 6.7 485+835 223+42
022+0.10 42+1.4 0.95 + 0.36
386 + 2. 379 £2.8
0.50 £0.07 3.13£0.02 1.75+0.02
30.7 £ 6.8 40.5+6.9 19.8 £ 3.8
047 +£022 51+1.7 0.68 £ 0.26
370 £2.5 343 £2.7
0.60 +£0.02 3.30 +0.04 1.76 +0.05
28.1+6.2 36.5+£6.2 142 £2.7
047 +£021 44=+1.5 0.35+0.14
370 £ 2.5 343 £ 2.7
0.52 £0.08 3.40+0.04 3.10+0.05
282+62 43.0+73 10.3 £ 2.0
041 £0.19 63 +2.1 0.33 £0.13
384 £ 3.1 349 £ 3.2
0.54 £0.03 291 +0.11 3.24 +0.04
35.6 £ 7.8 31.1 £5.3 74+14
0.68 030 28=+1.0 0.18 £ 0.07
384 + 3.1 349 £3.2
0.65 +£0.06 2.14+0.03 2.0+0.04
343+76 257+44 212440
0.76 £+ 0.34 142 +048 0.90 +0.34
375 £ 2.8 363 £ 3.5
0.68 £0.06 4.51+0.18 1.87 +0.03
423+93 35.0 £ 6.0 19.7 £ 3.8
121 £0.55 55+19 0.73 £ 0.28
375 +£2.8 363 £ 3.5
1.33 £0.03 6.16 £0.14 3.36+0.13
292+ 64 403 +6.9 26.5+5.0
1.14+£0.50 10.0+34 24+09
365 £ 1.8 385 +£3.2

=

Sector 1 0°-22.5°

E]

Sector 2 22.5°-45.0°

B

Sector 3 45.0°-67.5°

E]

Sector 4 67.5°-90.0°

E]

Sector 5 90.0°-112.5°

E]

Sector 6 112.5°-135.0°

E]

Sector 7 135.0°-157.5°

Sector 8 157.5°-180.0°

E]

Sector 9 180.0°-202.5°

=]

Sector 10 202.5°-225.0°

E]

Sector 11 225.0°-247.5°

El

Sector 12 247.5°-270.0°

E]

Sector 13 270.0°-292.5°

E]

Sector 14 292.5°-315.0°

=

Sector 15 315.0°-337.5°

HomoAT-modcmodTmodTmodTmodTmodTmoSTmoSTmodTmodTmoSTmoaTmaoSTmaoaTmao

E]
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Table 1. (continued)

Sector and 2312-2330  2336-2354  2436-2456
Azimuth Range uT uT uT
Sector 16 337.5°-360.0° C  0.62+0.08 2.24+0.04 2.15+0.19

E 585+129 364+62 215+4l1
J 211£0.10 3.0+1.0 1.0 £0.39
T, 364 + 1.8 385+3.2
Maximum percentage C  210% 51% 115%
variation E 114% 60% 115%
I 308% 90% 269%
T, 22.0% 22.0%

?For each time period, the average, individual sector values, and
uncertainties are given along with the maximum percentage variation. For
2336-2354 UT, sectors 1-3, 10-11, and 14-16 are excluded from the
maximum percentage variation calculation in order to exclude the aurora.
Note that the neutral temperature (T,,) is measured in 45° sectors and is
omitted for the first time period because the 557.7 nm emission altitude

was at the mesopause altitude (97 km).

use the Earth as our frame of reference, this omission is of
no practical consequence for determining the ionospheric

electric field for our purposes.

[20] Joule heating was calculated using the F' region elec-
tric field obtained from the 30° zenith angle ESR ion veloc-
ities and £ region Pedersen conductance obtained from the
56° zenith angle ESR synthesized plasma densities (see
Figure 3). The latter were integrated over 95—-145 km altitude.
The altitude is 74 and 128 km at the SCANDI sector bound-
aries, i.e., 110 and 190 km radius, respectively. Hence for the
higher altitudes up to 145 km, the ESR data unavoidably
extends beyond the SCANDI sector boundary (by ~25 km).
It was not possible to extend the conductance calculation
to higher heights, with 145 km altitude corresponding to a
range of 260 km, because the ESR reached its detection limit.
Increasing the integration time from 2 x 6.4 = 12.8 s is
not feasible because of the continuous dish motion. Hence
although the absolute Pedersen conductance and therefore
Joule heating values will be too low, their relative values
will remain correct. Figures 4a, 4b, and 4c show the spa-
tial distribution of Pedersen conductance in 22.5° sectors
about Longyearbyen for 2312-2330, 23362354, and 2436—
2454 UT. Figures 5a, 5b, and 5c show the spatial distribution
of Joule heating in the same format. Figures 4b and 4c and
Figures 5b and 5c also show the location of the visible auroras
mapped at 110 km altitude. Clearly, the auroras partly inter-
sect with some of the ESR’s data, which came from greater
ranges than indicated by the data sectors (as discussed above).
Table 1 gives the Pedersen conductance, electric field, Joule
heating, and E region neutral temperature for each sector,
with average uncertainties of 4.3%, 19.3%, 35.8%, and
0.7% over all the study periods. The average uncertainty for
each time period is given in Table 1. The average value and
maximum percentage change is also given for each time
period. The low neutral temperature uncertainty comes about
because of the larger 45° SCANDI sector area (see Figure 1)

and long integration time (7 min).

[21] Figure 6 shows the ion-neutral collision frequency
calculated from equation (8) using the fitted ion and neutral
vector data averaged over the entire sky for 2436-2454 UT
(see Figures 2c and 2e) after the aurora had mostly dis-
appeared. For this specific time period, we estimate the
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Figure 6. The estimated value of ion-neutral collision frequency at 112.8 km altitude using the east-west
(black) and north-south (green) neutral wind vector components as well as the vector magnitudes (red) and
angles (blue). Also shown are equation (3) for ion-neutral collision frequency (dotted line) and ion cyclotron

frequency (dashed line).

effective 557.7 nm altitude was 112.8 + 0.8 km. Since the ion-
neutral collision frequency emerges from a vector calculation,
it can be done independently for orthogonal components [cf.
Davies et al., 1997]. This has been done referring to the east-
west (black) and north-south (green) neutral wind compo-
nents as well as the vector magnitudes (red) and angles (blue)
separately before averaging. The ion-neutral collision fre-
quency is in the range 424-450 Hz (average 438 Hz) with an
uncertainty of 36% (£79 Hz). The average uncertainty in the
F region ion flow is 19%, and in the E region ion and neutral
flow uncertainties are 16% and 29%, respectively. The
average neutral wind uncertainty is greatest because there
are fewer vectors (i.c., larger sectors) over the entire sky than
ion flow vectors. Figure 6 also shows the ion-neutral collision
frequency from equation (3) (dotted line) and ion cyclotron
frequency (dashed line) with altitude. These are equal at
~119 km altitude. The ion-neutral collision frequency cal-
culation could not be done for 23122330 UT, prior to when
the aurora appeared, due to a lack of suitable ion and neutral
flow data (signal too low). Applying equation (8) during
2336-2354 UT, when the aurora was present around much
of the horizon, resulted in many unrealistic, including some
negative, values. This may be due to the time taken for the
ESR to complete a scan for not perfectly stationary aurora as
well as 557.7 nm height variations due to the obvious struc-
ture of the aurora. Even for 2436-2454 UT, which corre-
sponds to a quiet period with aurora present only on the south
and southeast horizon (see Figures 2c¢ and 2e¢), it was not
possible to extract the ion-neutral collision frequency from
individual 45° sectors corresponding to the SCANDI data
because the uncertainties become very large without aver-
aging over the entire sky.

[22] The raw data measurement uncertainties for the ESR
are obtained from the GUISDAP incoherent backscatter
spectrum-fitting algorithm [Lehtinen and Huuskonen, 1996].
The same is true when extracting basic parameters from the

SDI data [cf. Anderson et al., 2009]. However, when calcu-
lating physical parameters such as Joule heating (equation (1)),
Pedersen conductance (equation (2)), and ion-neutral collision
frequency (equation (8)), the uncertainty (6) for a physical
parameter (f) is estimated by propagating the uncertainties of
the measured input data (x, y, ...) by using 6% = (0flox)* - 62 +
@floy)* - 65 + .... We have assumed zero uncertainty for
modeled input data (e.g., geomagnetic field from IGRF and
neutral density from MSIS). The Pedersen conductance cal-
culation uses an estimate of the electron-neutral collision fre-
quency, which requires knowledge of the electron temperature.
However, owing to the high uncertainty in the ESR-derived
temperature data, which is a direct result of the low plasma
density in the E layer, we have used MSIS values of neutral
temperature instead of the measured electron temperatures.
This approach is justified in the lower £ region for quiet geo-
magnetic conditions. We have not used the SDI measurement
of the neutral temperature because this is effectively valid for
one altitude only.

3. Results and Discussion

[23] Figure 2a for before the appearance of the aurora
shows an empty sky overhead, except for some aurora on the
southeast horizon. Figures 2¢ and 2e for after the appearance
of the aurora also show essentially an empty sky overhead,
except for some aurora on the southern and southeast horizon.
Figures 2b and 2d are for the most stable period of aurora and
show optical emissions stretching across most of the northern
sky and part of the southwest horizon. The F region ion flow
was equatorward during 2312-2330 UT (Figure 2a), giving
a westward electric field, turned eastward when the aurora
appeared during 2336-2354 UT (Figure 2b) and remained
eastward with reduced strength after the aurora mostly dis-
appeared during 2436-2454 UT (Figure 2c), giving an
equatorward electric field of the dawn convection cell, as
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expected. The ESR F' region flows and their changes are
consistent with SuperDARN ionospheric convection (not
shown). We do not believe that the aurora changed the
Fregion ion flow direction when it appeared; it is more likely
that this is merely coincidence. The E region ion flow is
mostly southeastward and the neutral flow mostly eastward
(Figures 2d and 2e). These are consistent with each other.
There is no dramatic change after the aurora disappears. We
do not have reliable £ region ion and neutral flow data prior
to the appearance of the aurora. Hence it is not possible to
determine whether either changed their direction with the
appearance of the aurora, as has been reported by Kosch et al.
[2010] for the E region neutral winds. We note that the
F region ion flows have larger amplitude than E region ion
flows, which in turn have larger amplitude than the E region
neutral winds, which is expected. Perhaps surprisingly, the
rotation of the E region ion flows toward the electric field
direction, i.e., 90° clockwise to the F region ion flow, is not
very apparent for 23362354 UT (Figure 2d). In the lower
E region, a ~45° rotation relative to the F region is expected
where the ion-gyro and ion-neutral collision frequencies are
approximately equal [cf. Brekke et al., 1990; Brekke, 1997].
This is apparent for 2436-2454 UT (Figure 2e). According
to Figure 6, this condition occurs at ~119 km over Long-
yearbyen, which is nevertheless above our height estimate
of 112.8 £ 0.8 km for this time period. The modest angle
between F and F region ion flow indicates that a neutral wind
is present in the E region flowing approximately parallel to
the F'region ion flow. Figures 2b and 2d, as well as Figures 2¢
and 2e, show this to be the case. A small angle between F and
E region ion flow can also indicate a lower than expected
neutral density, which is feasible given our late winter
nighttime experiment toward the end of solar minimum and
is consistent with satellite observations [e.g., Emmert et al.,
2010; Heelis et al., 2009].

[24] The neutral temperature data given in Table 1 show a
maximum variation of 22% around the analysis annulus for
both 2336-2354 and 24362454 UT, indicating that the
effective height variation of the 557.7 nm emission over
360° was probably low and reasonably well constrained
within one scale height (+5 km) of 110 km altitude. However,
there are some possible localized issues with the aurora not
being entirely stationary. For example, in Figure 2d, near the
north-northwest horizon there is a patch of brighter aurora
that corresponds to an £ region ion flow vector not pointing
in the same general direction as its neighbors. There is also
a faint aurora near the zenith in the southwest sector of
Figure 2d, which may account for the discontinuity in low
zenith angle ion flow south of zenith. In Figure 2e, there is
a faint aurora present between the ESR data rings in the
southwest quadrant, which may explain the sudden change in
direction of E region ion flow in the high zenith angle ion
flow. Such problems are unavoidable and we have chosen the
best available time periods for the analysis. In addition, there
are potential temporal ambiguity issues associated with the
slowness of the radar scan cycle (17.8 min). This is particu-
larly clear in Figure 2b where the average ion flow magnitude
for the high and low zenith angle azimuthal ESR scans do not
appear equal. A reason that the two data rings may have
systematic differences is that the uniform flow component is
calculated separately in each ring when performing the vector
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fit. Unlike the partial derivatives, which are averaged across
both rings, the uniform background flow term is allowed to
vary between rings. This is explained in detail by Anderson
et al. [2009]. The situation is somewhat exacerbated in this
case study by the radar not following the intended dish scan
pattern. However, when combining F and E region data, the
slow radar scan is not quite as serious as it may initially seem.
We use the inner ESR data ring for the F region ion flow,
which takes 4 min to scan, and the outer ESR data ring for
E region ion flow, which takes 12 min to scan. However,
E region flow is less variable over time simply due to the
higher density of the neutrals.

[25] Figures 4a and 5a show low Pedersen conductance
(average 0.52 S) and Joule heating (average 0.63 mW/m?),
respectively, despite the relatively high electric fields (aver-
age 32.6 mV/m, see Figure 2a) for 2312-2330 UT. This
is consistent with very low auroral precipitation. Figures 4b
and Sb show high Pedersen conductance (average 2.79 S)
and Joule heating (average 4.13 mW/m?), respectively, along
with high electric fields (average 38.1 mV/m, see Figure 2b).
This is consistent with the presence of the auroral arcs driving
a Pedersen current through the ionosphere [e.g., Aikio et al.,
1993; Lewis et al., 1994; McCrea et al., 1991]. We note
that the sectors of particularly enhanced Pedersen conduc-
tance and Joule heating in the northwest and southwest cor-
respond to the presence of the aurora. Figures 4c and 5S¢ show
high Pedersen conductance (average 1.98 S) and low Joule
heating (average 0.81 mW/m?), respectively, along with low
electric fields (average 19.8 mV/m, see Figure 2c). Again,
this is consistent with the postaurora situation. Using the
global average empirical formulas for Joule heating by
Kosch and Nielsen [1995], K, = 3 and 4 corresponds to 3.33
and 5.83 mW/m?, respectively. While this is in agreement with
our averaged data when the aurora is present (4.13 mW/m?),
the empirical formulas can clearly never reproduce any
mesoscale variations. The discrepancy would be less had
we been able to integrate the Pedersen conductance above
145 km altitude but not enough to explain the difference.

[26] The CTIP model predicts that we capture 72% of the
total Pedersen conductance by cutting off the integration at
145 km. Hence our Pedersen conductance and Joule heating
values should be increased by 28% to be more realistic,
at least according to CTIP. We do this in order to compare
our observations with the CTIP model prediction. For 2312—
2330 UT we observe an adjusted average of 0.67 S and
0.81 mW/m? and CTIP predicts 4.45 S and 1.22 mW/m?”. The
Joule heating agrees reasonably well but the conductance
does not. Our lower conductance measurement is consistent
with no auroral precipitation. For 2336-2354 UT we observe
an adjusted average of 3.57 S and 5.29 mW/m?® and CTIP
predicts 3.02 S and 1.13 mW/m?”. The conductance agrees
reasonably well but the large Joule heating discrepancy
between observation and model is largely due to the fact that
the model cannot take into account the local auroral precip-
itation. In fact, CTIP predicts less conductance and heating
during the aurora than before its appearance, which is clearly
incorrect. For 2436-2454 UT we observe an adjusted average
of 2.75 S and 1.13 mW/m? and CTIP predicts 3.53 S and
0.067 mW/m?. Here the model predicts a lower heating
rate after the aurora mostly disappears, which is correct, but
a higher conductance, which is incorrect. Again, the dis-
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crepancy between model and observation is large for Joule
heating. It is clear that the model cannot reproduce the
observations because it does not have the resolution to
account for mesoscale variability nor can it account for
localized auroral precipitation.

[27] The main point here is the variability of the Joule
heating, not its absolute value. For variability comparison
purposes only, we exclude those data sectors for which
the ESR was pointing into the aurora at 2336-2354 and
2436-2454 UT, i.e., the six northernmost sectors and the two
southwest sectors in Figure 5b and four southeastern sectors
in Figure Sc, closest to the aurora. In Figures 5a, 5b, and 5S¢,
Joule heating varies by 308%, 90%, and 269%, respectively,
over 360° with respect to the average. This variation is
large compared to the average measurement uncertainty of
35.8% (see Table 1). Bearing in mind that it takes 30 s to scan
two neighboring sectors, the largest change in Joule heating
between any pair of neighboring sectors is 278%, 47%, and
201% with respect to the average in Figures 5a, 5b, and Sc,
respectively. It is clear that current ionosphere-thermosphere
models cannot replicate this variability due to their low spatial
and temporal resolution (e.g., CTIP, 2° latitude, 18° longi-
tude, 72 min). The consequence of this is illustrated by the
total power dissipated in our analysis annulus, covering 110
to 190 km radius (see Figure 3). The total area covered by the
annulus is 7.54 x 10'° m? and by each 22.5° sector is 4.71 x
10° m?. Using the average electric field and Pedersen con-
ductance, the total power dissipated is 4.16 x 107, 3.05 x 10%,
and 5.82 x 10" W for Figures 5a, 5b, and 5c, respectively.
However, if we integrate the power dissipated in each sector,
giving the same total area, then the total power dissipated is
4.74 x 107, 3.12 x 10%, and 6.10 x 10’ W for Figures 5a, 5b,
and 5c, respectively. This means that the total power dis-
sipated, when integrated over smaller sectors, results in a
13.9%, 2.3%, and 4.8% increase for Figures 5a, 5b, and Sc,
respectively. Perhaps surprisingly, the discrepancy is smallest
when the electric field and conductance is high (Figures 2b
and 4b) and greatest for low conductance and high electric
field (Figures 2a and 4a). Of course, the Pedersen conduc-
tance and electric field are coupled as higher Pedersen con-
ductance tends to short out the electric field. While we cannot
draw a general conclusion from this one case study, it seems
clear that large-scale spatial averaging results in the under-
estimation of energy dissipation, which is consistent with
Codrescu et al. [1995, 2000] and Rodger et al. [2001] find-
ings, although the discrepancy for our case study is within
the measurement uncertainty for Joule heating (35.8%). From
our experiment it is not possible to determine the smallest
sector size that would give an accurate determination of the
total power dissipated because reducing the sector size results
in increased measurement uncertainty. However, it is prob-
ably less than our sector size of 64 km. From this case study,
it seems clear that current thermosphere-ionosphere models
cannot possibly accurately determine the total power dissi-
pated in the upper atmosphere as none can achieve mesoscale
resolution.

[28] The ion-neutral collision frequency shown in Figure 6
has an average value of 438 Hz, whereas equation (3) predicts
471 Hz at 112.8 km altitude using the MSIS model, a
discrepancy of 33 Hz which is within the measurement
uncertainty (+79 Hz). The predicted ion-neutral collision
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frequency varies rapidly with altitude in the E region,
changing by almost an order of magnitude within one scale
height (~10 km). To get good agreement, our altitude estimate
of'the 557.7 nm emission would have to be ~113.2 km, which
is entirely feasible given our measurement uncertainty of
+0.8 km. The £79 Hz uncertainty in the ion-neutral collision
frequency estimate corresponds to a height range of about
1 km around 113 km according equation (3), i.e., much less
than one scale height. Since our height estimate is 112.8 +
0.8 km, it appears that our observational estimate of the
E region ion-neutral collision frequency is good agreement
with that derived from MSIS. However, an unquantified
source of uncertainty is the effect of the F region neutral
winds on our ionospheric electric field estimate. The appli-
cation of equations (3) and (8) offers the possibility to make
mesoscale measurements of neutral density. Given the obser-
vations of large and sustained vertical neutral winds [e.g., Price
etal.,1995; Rees et al., 1984; Smith, 1998], often in association
with auroral activity and Joule heating, it seems probable that
the neutral composition and density should be variable near
auroral arcs. Future observations are needed to study this.

[29] There is no doubt that the slowness of the radar scan is
a fundamental limitation for this experiment. However, with a
single dish radar, there are few options. Even if increasing the
scan rate were possible, the integration time per sector would
decrease resulting in lower signal-to-noise ratio of the data.
Given the mechanical speed and high zenith angle pointing
limitations of the ESR, a future experiment should only have
azimuthal scans at two zenith angles, thereby reducing the
total scan time to ~9 min for the mesoscale Joule heating
estimate and avoiding the cable wind-up problem. In addi-
tion, the passive SDI observations mean that experimenters
have no control over the effective height of the data in the
E layer, which will always be determined by the energy of the
auroral precipitation producing the 557.7 nm emission (see
equation (9)).

4. Conclusion

[30] Using a novel dish scan mode on the EISCAT
Svalbard radar, combined with all-sky E region neutral wind
observations from a scanning Doppler imager, we have made
mesoscale observations of ion and neutral flow, partly in the
vicinity of an auroral arc, within the polar cap at ~110 km
altitude. We show that Joule heating can vary by >100%
within 64 km horizontal distance. It is clear that current
ionosphere-thermosphere general circulation models are far
from realizing such mesoscale variability, which probably
accounts for at least part of their underestimation of the ion-
osphere-magnetosphere energy coupling budget. We also
perform the first estimate of the £ region ion-neutral collision
frequency at 112.8 (£0.8) km altitude by combining £ and
F region ion flow with E region neutral flow data. Our result
is in good agreement with the ion-neutral frequency derived
from the MSIS atmospheric model.
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