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Thermally excited 630.0 nm O(1D) emission in the cusp: A frequent
high-altitude transient signature
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[1] We highlight why 630.0 nm auroral emissions excited by thermal electrons are
expected to be significant in the cusp and are occurring more often than generally
recognized. We note conditions when they are likely to occur and provide a simple formula
to calculate the altitude discriminated (R/km) and line-of-sight integrated 630.0 nm intensity
(kR). The formula is applied to incoherent scatter radar data near the cusp to produce 2-D
maps of thermal red line aurora. We estimate when the thermally excited red aurora should
be negligible or not, for given electron density (Ne), electron temperature (Te), and
exospheric temperature (Tn) conditions. Sensitivity to Te dominates that to Tn and Ne. We
test these formulas against radar and all-sky imaging photometer data for 2 days. The time/

space agreement, as transient strong red arcs pass over the cusp, confirms detection of a
thermal 630.0 nm aurora in ~400—450 km altitude, twice the height (4 times the area)
conventionally assumed for 630.0 nm emissions. Among many potential uses for this
technique is application to the long-standing question of the degree to which magnetic
reconnection events contribute to the net magnetic flux entering the polar cap. We conclude
that it is more often than now recognized and provide a tool and guidelines to facilitate

improvement over present underestimates.

Citation: Carlson, H. C., K. Oksavik, and J. I. Moen (2013), Thermally excited 630.0 nm O(' D) emission in the cusp: A
frequent high-altitude transient signature, J. Geophys. Res. Space Physics, 118, 5842-5852, doi:10.1002/jgra.50516.

1. Introduction

[2] It is common in auroral physics to use 630.0 nm optical
emissions to characterize and trace phenomena important for
understanding Earth’s space environment, including its impact
on practical systems operating in and through near-Earth
space. For many purposes, the emission altitude is rather
adequately estimated based on excitation by particle impact,
dissociative recombination, and quenching. Here when we
use the term “emission altitude,” we mean to refer to a best
estimate of the altitude of the peak emission; since the red line
layer is broad, we do not intend to suggest a single surface
height. The emission altitude is often assumed in literature to
be stable within a narrow altitude range, confined within a
neutral scale height of a calculable neutral pressure level, or
sometimes for convenience simply said to be around ~220—
240 km. The generally sound logic behind it is that (a) for dis-
sociative recombination production of O('D), it corresponds
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to the transition from atomic to molecular constituents where
we get the onset of both significant production and significant
quenching by collisions with nitrogen molecules; and (b) for
auroral particle excitation of O('D), the penetration depth
of incoming auroral particles is a relatively well-defined
energy-dependent stopping height of unity optical depth
[e.g., Rishbeth and Garriott, 1969], wherein soft electrons
(~100 s eV) excite O(' D) where quenching is weak, while that
excited by harder electrons is so strongly quenched by
collisions with molecular nitrogen that a negligible fraction
of O(' D) lives long enough to emit a 630.0 nm photon before
collisional deactivation. In both cases, the altitude of cutoff by
quenching is sharp. The quenching by molecular nitrogen
(whatever the O('D) excitation mechanism) scales as the N,
density, which varies steeply with altitude having a scale
height of around 25 km near these altitudes. These altitudes
breathe up and down as the thermosphere expands and
contracts over the solar cycle, as well as between quiet and
disturbed conditions (most of this variation is often removed
by using neutral pressure levels versus kilometers) [e.g.,
Rishbeth and Garriott, 1969]. This is the rationale for the
general usage of a peak emission height being estimated
within about +5%.

[3] We address here an important exception to this nominal
rule to which attention needs to be drawn in light of recent
studies of the cusp, especially under dark dayside conditions.
There is a condition when the altitude of greatest emission
can double or more, if thermal excitation of O(' D) becomes
strong. It occurs when electrons at energies exceeding
1.96 eV become highly populated by the tail of the bulk
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THERMAL EXCITATION OF O('D) 630.0nm
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Figure 1. Thermal excitation of O('D) 630.0 nm parametric dependence on electron gas temperature Te,
electron density Ne, and atomic oxygen density No referenced to a standard model exospheric temperature.
o(Te), the O(' D) thermal electron excitation rate (cm>/s), is defined in equation (1) in the text. With Ne, No,
and o(Te) all to the same scale for each order of magnitude change, this figure shows that the greatest input

parameter sensitivity is to Te.

electron gas Maxwellian distribution, which could happen
once Te increases much beyond ~2500K. As pointed out
by Lockwood et al. [1993], a doubling of the emission
altitude (4 times the area) could make the difference between
a minor and a major role for transient reconnection events in
comparison with the more quasi-continuous form.

[4] The exception to which we draw attention here is a
consequence of an energy deposition event, triggered in the
cusp ionosphere/thermosphere by magnetic reconnection of
solar wind at Earth’s magnetopause. These events occur
commonly, are transient, and can recur many times per hour
on most days in the cusp/midday aurora region.

[s] First, as motivation for this work, we emphasize that
events of thermally excited 630.0nm emissions are signifi-
cantly more common than generally recognized in the current
literature, hence the potential usefulness of the simplified
equation and guideline figure to be offered herein. We note
that magnetic reconnection, while far from the only mecha-
nism to produce thermally excited emission, is both common
for such generation and also one where determination of
the emission altitude is especially important. An important
motivation for this work is the possible application for estimat-
ing the amount of flux entering the polar cap by magnetic
reconnection events.

[6] Second, we describe the underlying physics of the ther-
mal excitation mechanism, with emphasis on parameterization
in a convenient form to enable quick identification of when
thermal electron excitation is likely to be present or not. This
parameterized equation and figure should facilitate under-
standing of the relative sensitivity to dependencies on F
region electron density, thermospheric density and exospheric
temperature, and most importantly electron gas temperature.

[7] Third, we point out that the incoherent scatter radar
technique provides a means to calculate the thermal compo-
nent of a 630.0 nm emission. The ESR (EISCAT (European

Incoherent Scatter) Svalbard Radar) can measure this (at
times dominant) component of aurora regardless of cloud
cover. The equations provided here define how the altitude
profile of this thermal red line emission is derived from
the ESR observations. Figure 1 enables quick estimation
of sensitivity to uncertainty in thermospheric model
exospheric temperature-density.

[8] Fourth, we illustrate this with two examples of cusp
aurora observations, where we show the ESR-derived ther-
mal 630.0 nm component, compare it to the ground-based
all-sky imaging photometer (at Ny Alesund, Svalbard, 1°
magnetic north of Longyearbyen) mapping the 630.0 nm
arcs, and show that the altitude can only agree when using
the ESR Te-derived altitude (~400-500km) versus the
conventionally assumed altitude (half that height). Since the
two events shown bear the signatures of a magnetic
reconnection event [Carlson et al., 2004], this also illustrates
cases where the implied magnetic flux entering the polar cap
is 4 times higher than that for the commonly assumed height.

[s] Before proceeding, we should briefly distinguish these
thermal red line auroras excited by magnetic reconnection
events from thermally excited stable auroral red (SAR) arcs
which also involve and illuminate understanding of the ther-
mal electron excitation component. SAR arcs are the optical
manifestation of the subauroral electron temperature Te peak.
The large body of literature about SAR arcs shows them to be
a relatively rare up to hundreds of R red glow in the sky, at
subauroral latitudes under highly disturbed ring current
conditions, where Te is elevated to typically >3000K [e.g.,
Kozyra et al., 1990, and references therein]. It is thought that
ring current energy goes into electrons at high altitudes
through a mechanism wherein ring current oxygen ions via
Coulomb collisions with plasmaspheric electrons are a sig-
nificant if not dominant energy source for increasing electron
temperatures in the subauroral region. This energy is then
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transported downward along plasmapause region field lines
to the ionosphere, where cooling by electron-ion collisions
brings the electron gas into good thermal contact with the
ion gas, which itself is in good thermal contact with the
thermosphere. Precipitating electrons of <10 eV energy seen
collocated with Dynamics Explorer (DE) satellite transits of
SAR arcs suggest that some energy transport is also by a
low-energy electron flux. SAR arcs persist for many hours
at subauroral latitudes when they (relatively rarely) occur.

[10] Both SAR arcs and any other thermally excited
630.0 nm emission have in common that they are located in
areas with significant populations of thermal electrons with
energies exceeding 1.96¢eV in the high-energy tail of the
Maxwellian distribution. These electrons are capable of
exciting atomic oxygen to the 'D state during a collision.
The unquenched 'D state radiatively relaxes in about 110,
and its lifetime is shorter when quenched via collisions
with molecular nitrogen. Significant 630.0 nm emission only
results at altitudes where collisions with molecular nitrogen
are infrequent. The intensity of 630.0 nm can be used to obser-
vationally define the emission which results from this process.
For SAR arcs in the subauroral region, the 630.0 nm intensities
are dependent on (1) the electron temperatures, (2) the neutral
atmospheric densities of O and N,, (3) the f,F, height of the F,
peak, and (4) the electron density profile.

[11] Important contrasts between SAR arcs and the ther-
mal excitation we address here are (1) rare events versus
everyday events, (2) subauroral versus cusp association,
(3) stable versus transient, (4) generally excited by hot elec-
trons of Te at ~3000K versus up to 6000K, and (5) the
energy source of SAR arcs tied to ring current oxygen/
hydrogen ratios on closed plasmaspheric field lines versus
thermal excitation on newly opened flux tubes in the polar
cap that experience magnetic curvature forces tracing all
the way to the magnetopause.

2. Relevance of Magnetic Reconnection Events

[12] The primary energy deposited into the near-Earth en-
vironment by magnetic reconnection events at the magneto-
pause is dissipation of downgoing Poynting flux into the
ionosphere-thermosphere where, by ion frictional drag
heating (or equivalently Joule heating as per Thayer and
Semeter [2004, Appendix A]), the Poynting flux that is not
reflected is nearly all passed into the ultimate heat sink, the
thermosphere [Carlson, 2012; Carlson et al., 2012]. Strong
plasma flow shears have been known to be common in the
cusp for a considerable time [e.g., Pinnock et al., 1993,
1995; Oksavik et al., 2004a, 2004b, 2005; Rinne et al.,
2007, 2010, 2011; Moen et al., 2008, 2012a, 2012b].
Energy is also deposited by the background cusp particle
precipitation, as well as transient injection of electrons and
ions precipitating from the newly opened magnetic flux
tubes. However, in the presence of strong transient flow
shears driven by magnetic reconnection events, energy depo-
sition rates by ion frictional drag heating should dominate the
transient particle energy deposition rate [Carison, 2012,
Figure 11; Carlson et al., 2012]. A small fraction of the par-
ticle energy goes into the ambient electron gas, heated by the
incoming and (mostly) secondary electrons. A very small
part of this energy can serve to excite optical emissions that
when lost to the thermosphere can act as a valuable tracer

of physical processes in near-Earth space. This work focuses
on these tracer optical emissions.

[13] While these tracer optical emissions are our primary
focus, we introduce them within the context of magnetic
reconnection for three reasons: the association with mag-
netic reconnection gives important information on fre-
quency of occurrence, timing of occurrence, and location
of occurrence. Signatures of magnetic reconnection can be
found in the cusp approximately every 5—-10min during
southward interplanetary magnetic field (IMF) conditions.
These signatures or fingerprints involve a rather precise
(within approximately a minute) timing and relative loca-
tion of five measurable parameters in the ionosphere, two
of which are transients in Te and 630.0 nm emission. The
relationship between Te and 630.0 nm when/where these
signatures are present is what underpins the expectations
of when/where to expect Te enhancements, many or which
might produce measurable thermally excited high-altitude
630.0nm emissions. The quantitative equations (1)—(3)
herein are what predict when such enhancement actually
should occur. Section 5 summarizes these connections.

[14] The connectivity of these five measurable parameters
involves tracking energy flow and balance. Mechanical
energy in the solar wind, when deflected around Earth’s mag-
netosphere, is converted to electrical energy. This energy
carried down magnetic field lines at the Alfven speed as
Poynting flux is then converted back into mechanical energy
lost to its ultimate heat sink of the thermosphere. It is useful
to view this step in terms of magnetic reconnection at the
magnetopause leading to a “magnetic curvature force”
sensed in the ionosphere as an E x B force by which ions
driven to ~1.5-3km/s are frictionally heated in collisions
with neutrals in the thermosphere. These plasma flow sheers
have sharp boundaries (tens of kilometers in space, approxi-
mately a minute in time) measurable by the ESR, which can
help pinpoint when/where to look for boundaries within
which thermally excited 630.0 nm emissions may be found.
Details can be found summarized in Carilson [2012] and are
sketched in section 5 herein.

[15] Complexities of the many processes involved in O
(‘D) excitation, quenching, and net 630.0 nm emission are
beyond the scope of this paper, and the reader is referred to
the excellent coverage by Rees and Roble [1975]. For focus
of auroral red line processes, the reader is referred to Meier
et al. [1989] for model calculations and Pallamraju et al.
[2004] for observations. Here we focus only on the thermally
excited component of the red line in the cusp, with emphasis
on its identification, frequency of occurrence, and better
quantification. For energy balance of the electron gas, the
cooling rate in the ionosphere is similar that for SAR arcs
[e.g., Kozyra et al., 1990]; for energy balance of the ions
and thermosphere, including mechanisms more mesoscale
than local is important [e.g., Carlson et al., 2012]. Thermal
balance of the electron gas has been treated in many places
in the literature, mostly under conditions where electron gas
cooling in the topside ionosphere is dominated by electron-
ion collisions and downward heat conduction (one quantified
set of calculations including references even included
artificial heating pulses to track transient response times
[Mantas et al. 1981]). In the case of thermally excited
630.0 nm emissions, the cooling rate to ions alone cannot
keep up with the heating rate and Te experiences “runaway”
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to the next temperature-limiting process, namely, cooling to
collisions with atomic oxygen exciting its O(' D) state. This
further cooling term then becomes the dominant one. A
logical follow-on step would be to explore the energy and
thermal balance of the overall system.

[16] Auroral electrons of energy ~0.1-10keV are readily
sensed by their impact excitation (order of kR) of atomic
oxygen or molecular species. Harder auroral electron precip-
itation is commonly tracked in the atomic oxygen 557.7 nm
green line and/or molecular nitrogen impact excitation of
N," 391.4nm or 427.8 nm emission lines. These emissions
from deeply penetrating particle fluxes are from relatively
well-defined E region altitudes and are not the focus of
this paper.

[17] Tt is common in auroral research to use the 630.0 nm
atomic oxygen line to track particle impact signatures of soft
auroral electron precipitation [e.g., Sandholt et al., 2002].
It is also common in polar cap (and lower latitude)
research to track the motion of relatively high plasma
density regions by tracking the 630.0 nm emission excited
to O('D) in its recombination process [e.g., Lorentzen
etal.,2004; Moen et al., 2007]. In both cases, interpretation
of angular motion and size of optical features is translated
into spatial scales based on an assumed altitude. This is
typically taken in the literature to be an ~225-250km
altitude, valid for the recombination red line emission. We
will focus here on the emission altitude of an important
category of 630.0nm optical emissions that are common
in the cusp, not due to the steady background of soft cusp
particles but transient emission events associated with
magnetic reconnection.

[18] Magnetic reconnection events are marked by an
optical flash associated with particles dumping out the feet
of newly opened flux tubes. The intensity of this “optical
flash” exceeds the optical emission due to the particle impact
emission from the ongoing background cusp particle precip-
itation [see, e.g., Carison et al., 2004, Figure 3]. The
magnetic reconnection-driven flash will initially move in the
direction of the interplanetary magnetic field (IMF) tension
force, with the east-west motion driven by the By component
which initially exceeds the slower antisunward (southward
IMF) component. The antisunward component gives a
meridian scanning photometer (MSP) signature matching the
morphological definition of a poleward moving auroral form
(PMAF). PMAFs have been studied for decades, as summa-
rized by, e.g., Sandholt et al. [2002] where many PMAF
examples are cataloged by IMF “clock angle” orientation.

[19] Technically, the term PMAF refers to any optical
feature with a poleward virtual motion. The PMAF is a mor-
phological descriptor, while magnetic reconnection is a phys-
ical process. Not all PMAF signatures need to mark magnetic
reconnection, but all magnetic reconnection events must pro-
duce a PMAF signature, which depending on brightness may
first be detected in contrast against the background cusp
emission or later and farther poleward against the
background polar cap emission. Magnetic reconnection for
southward IMF produces several signatures, all with a very
specific sequence in time and location as seen by Carison
et al. [2004], including Te, Ti, Vi, Ne, and optical signatures
that meet the morphological definition of a PMAF. When
initial magnetic reconnection opens a closed magnetic flux
tube, the following sequence of events can be detected from

the ground: (1) Soft (hundreds of eV) electron precipitation
produces an optical flash at many wavelengths; the 630.0 nm
emission delay is shortened by quenching to ~30—40s, while
the 557.7 nm delay is ~0.75 s. (2) The same precipitating soft
electrons heat the electron gas Te with a time constant of
approximately half a minute near the Ne peak [e.g., Mantas
et al., 1981]. (3) With an ~2min delay (Alfven speed), the
plasma begins to move in the direction of magnetic tension.
(4) The ion plasma flow speed follows this tension force. (5)
With a delay of half a minute [e.g., Skjaeveland et al., 2011],
the ion gas Ti heats up (frictional drag heating). The poleward
boundaries of contours of sharp gradients in Ne, Te, Ti, and
630.0nm intensity track poleward with these relative time
delays, and sharp plasma flow shear boundaries separate back-
ground plasma from plasma entrained in these flow shears.
The edges of these flow shears are found to seed velocity shear
or Kelvin-Helmholtz instabilities [Carlson et al., 2007, 2008],
which can also lead to plasma density irregularities and strong
radar echoes at decameter HF wavelengths [Moen et al., 2001,
2012a, 2012b; Oksavik et al., 2005, 2011, 2012].

[20] There are many more studies in literature of magnetic
reconnection events under southward IMF conditions [see,
e.g., Sandholt et al., 2002; Carlson, 2012, and references
therein]. Some highlight their occurrence like 20 events in
a 4h period over one midday cusp site as the ESR
[Moen et al., 2004; Skjeveland et al., 2011]. It is thus
not surprising that this has been called out as a potential
means toward the end of estimating how much of the
magnetic flux entering the polar cap under southward
IMF expansion should be attributed to direct magnetic
reconnection. Lockwood et al. [1993] applied this ap-
proach and found that the analysis would make magnetic
reconnection events over the cusp either a minor or a major
player, depending on the altitude of the poleward moving
630.0 nm optical features. For a given angular size seen by
an all-sky imaging photometer (ASIP), increasing the
emission altitude twofold multiplies the area and derived
entering flux by four. This square law dependence, along
with other derivative properties whose estimate depends
on the 630.0nm emission altitude, is why we must here
confront the question of how confidently can we determine
the altitude of this emission.

[21] Inapplying geometric arguments to such data to form
estimates of the amount of magnetic flux entering the polar
cap, the angular size and motion of these optical signatures
give estimates of the physical size and speed of the particle
flux boundaries or sharp boundaries in ionospheric plasma
density only to the accuracy with which the optical emission
altitude is known. Recent observations of the optical and
ionospheric plasma signatures characteristic of a series of
transient reconnection events at the magnetopause have
been published by Carlson et al. [2004, 2006] but are often
found to show electron gas temperatures of ~3000 to
6000 K. The significance of such high temperatures is that
this suggests a further source of 630.0nm emissions,
excitation by thermal electrons, for which the emission
altitude would be considerably higher. The thermal excita-
tion component can come from about twice the altitude of
the electron impact component, which can increase the area
by about 4 times and make the difference between
reconnection events being a minor or major part of the flux
entering the polar cap.
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3. Calculated 630.0 nm Optical Emissions

[22] Optical emission altitudes for both ionospheric re-
combination and particle impact ionization have been well
studied in the literature, and here we will simply refer the
reader to that work. The altitude parameter dependencies of
630.0nm emissions for a wide range of altitudes and
intensity levels have been studied using incoherent scatter
radar data applied to several nights’ observation at Arecibo
for both stable [Wickwar et al., 1974] and perturbed
[Cogger et al., 1974] thermospheric conditions and at higher
latitudes [Wickwar and Kofman, 1984; Pallamraju et al.,
2004]. The red line recombination component of emission
comes from the bottomside of the ionospheric F region peak,
where the recombination maximizes, but quenching at the
lower altitudes can make the topside contribution important
for times of low H,,,,. The altitude of particle impact-excited
optical emissions has been parameterized by Strickland et al.
[1983] for many optical emissions excited by this precipita-
tion and explicitly for excitation of O('D) by Meier et al.
[1989]. Prompt emission profiles (e.g., 557.7nm) match
excitation profiles well, while 630.0nm emission profiles
depend critically on quenching. The quenching is strong for
hard (approximately keV) particles that penetrate to E region
heights, decreases proportionally with the molecular nitrogen
scale height in the F region, is modest for soft (~100¢eV)
particle excitations, and essentially absent above 300 km.

[23] The third source of 630.0 nm emissions to be consid-
ered here is by thermal electron gas excitation. Electrons
exceeding 1.96 eV energy can in principle excite the O('D)
state of atomic oxygen, which upon relaxation emits a
630.0nm photon. Rees and Roble [1975] have a rather
complete description of red line physics and quantify the
relationship between heat flux and I-T temperatures, although
for their SAR description, the downward heat flux is by
conduction from a heat reservoir in closed plasmaspheric flux
tubes, while here it is local collisional heating by precipitating
soft electrons. Work since [Kozyra et al., 1990] has suggested
that soft electron precipitation may contribute to SAR as well.
For electron gas temperatures Te < 3000K, the number of
thermal electrons exceeding this threshold leads to negligible
emission. For Te > 4000 K, emissions can be many kR. The
intensity can be calculated as the line-of-sight integral of the
number per unit volume of thermal electrons (Ne) times the
number per unit volume of atomic oxygen atoms with which
they collide (No) times an electron gas temperature (Te)-
dependent coefficient (o).

[24] The excitation cross section o(E) (cm?), for electron
impact excitation of O('D), rises very rapidly with electron
energy between 1.96 and several eV, and both experimental
measurements and theoretical calculations of this energy de-
pendence are extremely difficult. Consequently, determining
o(Te), the O('D) thermal electron excitation rate (cm?/s), is
the most challenging task in performing such calculations.
This is of little issue for electron energies above ~10¢eV,
but the greatest challenge lies just where the greatest Te
sensitivity occurs, near 2 eV. Here for o(E), we use Mantas
and Carlson [1991, equation 1], as it can be easily integrated
over Maxwellian distribution of electrons of temperature Te.
They also have published reasons why for aecronomical appli-
cations the coefficients of Lan et al., 1972 appear to be most
appropriate. Mantas and Carlson [1991, equation 2] further

provide an accurate and user-friendly simple formula for
calculating a(Te). Using these formulas, we calculate

8537 + T
o(Te) = 0.15y T o237 +T¢)

m exp(—22, 756/Te) (Cm3/s)

&)
so the altitude discriminated (R/km) volume emission rate
per kilometer of 630.0 nm emission intensity is

thermal Ig30(h) = a(Te(h))No(h)Ne(h) (Rayleighs/km)

@

and the volume emission rate (Rayleighs) as the line-of-sight
integral is

650 km

thermal Ig30 = J.zso «n @(Te(h))No(h)Ne(h)dh  (Rayleighs) (3)

where a is measured in cm®/s and No(h) and Ne(h) are in
cm~3; while the variables are shown as a function of h which
is the altitude in kilometers, the integral must be over the line
of sight, and Te is measured in Kelvin.

[25] Figure 1 shows a typical altitude dependence of Ne(h)
for high/low plasma density polar cusp conditions, represen-
tative values of Mass Spectrometer Incoherent Scatter
(MSIS) No(h) for exospheric temperatures of 1000K and
1200 K, and o(Te) for a typically observed range of Te near
the cusp. We find that Ne is the parameter of least impact
on the integrated intensity of thermal 630.0 nm emission,
and Te clearly dominates. We should repeat the caution in
Mantas and Carlson [1991], regarding excitation rate cross
sections, that values in the literature are spread by an order
of 50%, and Lan et al. [1972] was favored as it appeared to
be the most complete of those available. The last word
on further refinement of absolute cross sections (or
absolute 630.0nm intensity calculations) is likely not in
yet, and we will in a future work explore auroral data as an
independent test of these coefficients in that regard. Our
key point here is separable from that, namely, Te is the
dominant variable, its measure can indicate when thermal
excitation is negligible or not, and our present knowledge
enables good estimates of the altitude of thermal excitation
of O('D), leading to 630.0nm emissions.

[26] Figure 1 allows convenient estimates of when ther-
mally excited 630.0 nm emissions are likely to be unimportant
or important. In the examples below, we will find that, during
transient magnetic reconnection events when regions of
corotating subauroral plasma are brought into transpolar flow
patterns, Te can be enhanced sufficiently to make thermally
excited 630.0 nm of importance. It is when the presence of this
effect is most important to estimates of flux entering the polar
cap that this altitude correction is at greatest risk of being
necessary. We thus proceed to more quantitative calculations
for representative cases.

4. Observations

[27] In Figure 2, we show incoherent scatter radar
measurements of the electron and ion temperatures Te and
Ti, log Ne, and radar line-of-sight plasma velocity Vi during
a type of event that has been found to have signatures of
ionospheric patch production in response to a reconnection
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EISCAT Svalbard Radar: Dec 17, 2001
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Figure 3. Same as Figure 2 but for 17 December 2001 and condensed to show only the most essential
parameters for this study. From top to bottom: measured Te, derived 630.0 nm volume emission rate R/
km, measured Ne, and 630.0 nm all-sky images. Again, the 630.0 nm Te thermal excited component in
~450 km altitude gives the best fit to the observed all-sky image.

event at the magnetopause [Lockwood and Carlson, 1992;
Carlson et al.,2004]. The signatures in Figure 2 (previously
unpublished data) are almost identical to those seen at
07:55-08:00 UT on 20 January 2001 in a paper published
by Carlson et al. [2004, Figure 3] (discussed in para-
graphs 7, 10, 16, and 17 therein). Please note that the correct
caption for that Figure 3 is “All sky photometric (ASIP)
images for the F-region field of view from Nord. The cusp
over Svalbard is in the lower right, showing a transient
630.0 nm flash in 1 minute frames, at the reconnection event
time (fixed red streak is artifact),” which is misplaced under
Figure 4 in the journal (an unfortunate proofreading error by
the authors).

[28] Here we call special attention to motion of the Te
boundaries, within the context of both the other parameter
boundaries and what we have learned about the physics
and morphology of magnetic reconnection signatures. In
Figure 2, in the left-hand column showing the 2 min time
interval centered on 08:24:30 UT, we see a boundary marked
by enhanced Ti and Ne just poleward of 75° magnetic lati-
tude (MLAT) and a change from cool Te and Vi toward the
radar (blue) equatorward of 75° MLAT to hot Te and Vi
away from the radar (red) on the poleward side. Following
EISCAT convention, we use blue to specify “Doppler-
upshifted toward the radar” and red for plasma flows
away from the radar, whichever direction the radar points.

Figure 2. For three successive 2 min time intervals on 20 December 2001, this figure presents seven panels from top to bot-
tom: measured electron gas temperature Te, derived volume emission rate of 630.0 nm in R/km, measured electron density
Ne, measured ion temperature Ti, measured line-of-sight plasma velocity component Vi, an all-sky image of 630.0 nm emis-
sions over Svalbard, and SuperDARN flow patterns for each of these times. The five top rows are all shown on the same scale
(0—600 km altitude versus ~70-80° magnetic latitude), where each independent data point is a 3.2 s integration and the radar
scans north-south along the magnetic meridian in a windshield wiper-like sweep of 128 s duration. Most significant for this
comparison is the position of the latitude numbers “71, 73, 75, 77, 79” superposed on the all-sky image. The observed bright-
ening in the all-sky data matches the location of the derived thermal volume emission rate.
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Thus, red or blue can be east or west, or north or south. For
these (and most) data not parallel to B, the horizontal compo-
nent of Vi well exceeds any vertical. At 08:26:30 UT, the
poleward edge of the enhanced Ne has leapt roughly 2° of
latitude farther poleward. Two minutes later, the cusp
enhanced-Te boundary near 75° MLAT is reappearing, while
the new poleward Te-enhanced region is still elevated.

[29] Note particularly that Te (and I¢30) is weakly elevated
within a 1° wide column (75°-76° MLAT) in the first 2 min
(t; ~08:24), is high within a 2° wide column (75°-77°
MLAT) in the next 2 min (t,), and in the last 2 min (t3) is high
at 76°~77° MLAT and weakly elevated in a 1° wide column
centered about 75° MLAT. All enhancements of Te and I¢3q
are more sharply defined than a full degree of latitude, and
all have edges that are clearly aligned along the magnetic field
in the vertical direction. The initial weak Te elevation and I3
emission near 75° MLAT is attributed to precipitating cusp
electrons. Two minutes later, the strongly enhanced Te and
Ig30 emission is attributed to electrons dumping out of the
newly opened magnetic flux tube as it moves poleward. Two
minutes after that, the still strongly enhanced Te and I3
emission near 77° MLAT is attributed to electrons continuing
to pour out of the newly opened flux tube, while the weakly
enhanced Te and Ig3¢ emission at 75° MLAT is attributed to
the reforming cusp electron boundary which migrates slightly
equatorward of its former location prior to entry of the
additional flux brought into the equatorward edge of the new
polar cap boundary. Consistent with this interpretation is Vi
which in the first 2 min (t;) transitions from corotation (black)
to strong away flow (red =away from the radar) at 75° MLAT,
in the next 2 min (t,) shows an initial weak flow shear (red to
narrow blue to black), and 2 min later (t;) exhibits a clear
strong wider flow shear reversal (red to blue to black) of strong
flow away, strong toward, and corotation equatorward of the
cusp. A single spoke of range gates (~20km wide) near
76.7° MLAT at t; is black in between the >0.5 km/s away
and >0.5km/s toward flow. Also at t3, one sees the onset of
away flow as the new cusp equatorward boundary forms.
Note that these large-scale flow patterns are the same as seen
by Super Dual Auroral Radar Network (SuperDARN) in the
bottom strip, where the SuperDARN data have been spatially
binned ina 110 km by 110 km grid. Not to ignore any observa-
tions, because Ti with a heating time constant of ~0.5 min has
by t; been given at least 2 min to “burn in,” a Ti enhancement
must show clearly at t; around 76.5° MLAT and be coincident
in time and space with the Vi shear observed at t;, or else the
physics argument here becomes violated. We indeed see the
strong Ti enhancement (red versus yellow at ~76.5° MLAT)
when and where expected for typical reconnection events
and even see initial indications of its initial appearance just
poleward of 76° MLAT at t,. Weakly enhanced Ne equator-
ward of 73° MLAT is attributed to corotating subcusp
ionospheric plasma, in the right location and with low Te
and Ti (blue) and corotating Vi (black). Higher-latitude
weakly enhanced Ne at t3, with Ne ~10'>m™3, is consis-
tent with values that are often attributed to production by
precipitating cusp particles, as we would do here as well.
Note that Ne peak enhancements of Ne ~10'2m ™ would
be attributed to transport into the polar cap of upstream
solar-produced plasma [e.g., Carlson, 2012]. All observa-
tions are therefore entirely consistent with the physics
attributed to the data.

[30] In producing the calibrated ASIP images, we opti-
mized the mapping pointing accuracy by matching the
background star field in the ASIPs to within a pixel. The
color scale sidebar for these images shown in absolute
Rayleighs was tuned to bring out key boundaries for compar-
ison to Te boundaries. Note the parallel to B alignment of
both Te and the altitude-dependent 630.0 nm intensity calcu-
lated (from the observed Te(h), Ne(h), and matched MSIS
model No(h)). That so many pixels along so many different
ESR beam directions align with B (not the line-of-sight
ESR beam direction) speaks very strongly of the data quality
for ESR mapping of boundaries. In comparing our observed
intensities to those derived from the formula recommended
by Mantas and Carlson [1991], equation 3 herein, agreement
was within the error bars imposed by our ESR Te-measured
values. However, the 3.2s integration times required to
map Ne, Te, Ti, and Vi over an area of ~600 km x 1200 km
in ~2min led to error bars on Te and the derived a(Te)
matching but are no better than those in the current literature
(~a factor of 2). Thus, we are now analyzing other data with
60 s integration which in the coming year should give error
bars capable of quantitative aeronomy versus mapping
boundaries as here.

[31] Figure 3, which is condensed to only the four strips,
shows the same features as Figure 2 and is representative of
many other events and days. The Te measurements show
strong contributions to the height integral of 630.0 nm from
altitudes of 300 through 600km or more. Coincident
ground-based 630.0 nm all-sky imager data are in agreement
with peak emission altitudes of ~400-450km or more and
rule out estimates very far from this. It shows the poleward
leap of the poleward edge of sunlit high-density Ne described
in Lockwood and Carlson [1992], the accompanying pole-
ward leap of other plasma and optical boundaries as in
Carlson et al. [2006, Figure 1] and described in detail there,
and the optical virtual westward motion of the sense as
expected from the IMF By control [Moen et al. 1999] of polar
cap patch entry and implying a faster westward than pole-
ward motion as expected for the large IMF By component
at this time. The high Te boundary likewise leaps in lock step
with the plasma boundary, as it is indeed plasma on this
newly open flux that is heated by the burst of precipitating
electrons. The ESR 2min frame rate exceeds the optical
frame rate but tracks in the same way as the 1 min prompt
atomic oxygen emission images of Carlson et al. [2006,
Figure 1] which also shows lock step motion of boundaries
of Te, Ti, Vi and Ne, with 777.7 nm boundaries. Note that
the lifetime of O('D) is ~0.5-2 min depending on quenching
(short at low altitudes, long at high altitude).

5. Discussion

[32] Let us here tie together the several threads in the
preceding sections that, in converging, lead to our key points
to be made. We have emphasized signatures of magnetic
reconnection because one of them is a frequent (up to about
10 per hour [e.g., Moen et al., 2004, Figure 3]) cause of high
Te. Associated signatures of reconnection thus not only give
information on expected frequency of occurrence but also
add much statistics on locating such events in time and space.
The burst of electron precipitation out of newly opened
magnetic flux tubes must, by collisions, heat the ambient
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electron gas they transit. The /' region gas temperature heats/
cools with a time constant of approximately half a minute
[e.g., Mantas et al., 1981]. These commonly observed
magnetic reconnection signatures are generally coincident
[Carlson, 2012] with commonly observed PMAFs as tracked
by meridian scanning photometers MSPs [see, e.g., Sandholt
et al., 2002]. Examples are found in Moen et al. [2004,
Figure 3], Skjealand et al. [2011, Figure 2], and other
references cited herein.

[33] What has received little attention to date is the impact
on Te and consequences thereof, largely because electrons
are of so little mass that Te can be easily heated by many
sources, thereby complicating conclusions from calculations
of'its thermal balance. In the electron gas thermal balance, the
cooling rates are importantly controlled by ionospheric
terms, as discussed by, e.g., Kozyra et al. [1990] for the phys-
ics of SAR arcs. In contrast, the geophysics of the electron
gas heating term is importantly different. For stable auroral
red arcs, the heat reservoir for Te heating is large and
sluggish and fed by different physics than here. Here the Te
heating source is transient and the heating mechanism more
by direct collisions by electrons precipitating from newly
opened magnetic flux tubes, rather than downward heat
conduction from a reservoir in closed flux tubes. What is
simple, once the electron gas is heated to a Te exceeding
~2500-3000K however, the physics in common is that
electron gas cooling by conduction and collisions with ions
is no longer fast enough and a further Te cooling term
becomes important, namely, thermal electron collisional
excitation of the O('D) state.

[34] The transiently greater number flux of course en-
hances the total electron gas heating rate, but most important
is that it does so to so great a degree that the cooling pro-
cesses previously maintaining thermal balance can no longer
do so without calling in an additional cooling process. The Te
“runs away” up to that Te at which the additional cooling
process is able to maintain thermal balance. O(' D) excitation
is the new process, which at high-enough Te introduces an
additional cooling cross section, which a new term in the
equation has a very different altitude dependence for excita-
tion of O('D) and production of 630.0 nm emission. In the
usual cusp, suprathermal electrons (order of hundreds of
eV) directly excite O(' D) at their stopping altitude while also
heating the electron gas to temperatures held in balance by
electron-ion collisions. In the reconnection transient heated
cusp, Te runaway can occur if the electron-ion collisions
alone can no longer maintain the electron gas thermal
balance, and then with heat conduction playing an important
role in heat redistribution along the magnetic field lines,
cooling at much higher altitudes by O('D) excitation
produces the much higher-altitude 630.0 emission by
collisions with neutral atomic oxygen, rather than simply
by thermal electron-ion collisions

[35] This is the intersection toward which many of our
earlier points up to here have been heading. What we seek
to highlight here are the following: signatures of magnetic
reconnection are very common in the southward IMF cusp,
PMAFs are likewise, and most coincide for good reasons of
physics. Optical flashes at several wavelengths are signatures
of enhanced particle dumping; optical flashes at 630.0 nm in
principle might include a measurable thermally excited
component. Here we make the point that in practice when

Te exceeds 3500-4000K, there is a thermal component,
and such events should be present most days. With growing
effort to add twin optical stations to enable triangulation (rare
so far) of cusp emissions, when skies are clear at both sites,
630.0 nm height determination and identification of a red line
high-altitude thermal component measurement are perfectly
reasonable goals. Also, the ESR Te measurements can map
Te in time and space including altitude and thus in principle
allow an independent measure of the thermally excited
630.0nm emission component. This should allow much
more possible detections from past and future data. We
should contrast this with magnetic reconnection events
initiated deeper within the polar cap, where for northward
IMF, the magnetic tension force can initially be toward the
sun, until the magnetic tension force relaxes to let the flux
tube motion blend into the general background polar cap
flow. Lobe cell reconnection was reported by Oksavik et al.
[2006]. In situ satellite particle sensors can distinguish
initially sunward events versus the cases of initially
antisunward motion with in situ ion dispersion measurements
[Weiss et al., 1995]. Ions injected from the magnetic merging
site at the dayside magnetopause exhibit a time-of-flight ion
energy dispersion as they travel to the ionosphere and lag
electron flight times.

[36] From the ESR, stand-alone scanning data, or fixed
pointing data supported by ASIP or perhaps MSP data, can
map boundaries of enhanced Te. Of the various reasons, this
capability is of interest, likely the strongest relates to a
question highlighted in the brief closing Futures section of
a Cusp review paper by Smith and Lockwood [1996] where
they note “many questions remain. For example, what is
the relative importance of transient reconnection pulses in
comparison to the more quasi-continuous form?” This
question still remains. Lockwood et al. [1993] pointed out
that the amount of magnetic flux entering the polar cap
during such transient events is proportional to the area of a
transient magnetic reconnection event, which if measured
by an ASIP as the area of enhanced 630.0 nm emission is
proportional to the square of the altitude of emission; they
noted that if from an altitude of 250 km, the contribution is
minor; if from twice that height, the contribution is major
(the steady background cusp emission is at ~250 km). They
analyzed EISCAT plus coincident ASIP data for two tran-
sient reconnection events, concluding an altitude of 250 km
for one and finding “evidence that the emission altitude
is considerably greater” for the other. They cited that
Wickwar and Kofinan [1984] measured sufficiently high Te
over the cusp at Sondrestromfjord to thermally excite
630.0 nm emission, as supporting evidence for hypothesizing
thermal excitation for this latter case, although the high-
altitude error bars on Te measured by EISCAT were too large
for direct confirmation of thermal excitation. Surprisingly,
very little has been done on this since. The work here should
validate the promise of such an undertaking as well as
facilitate it.

[37] We have noted the signatures signaling when it is
most fruitful to look, pointed out that these events are
frequent in the southward IMF cusp, shown that Te is the
most sensitive dependent variable controlling the presence
of these events, specified the threshold Te above which they
are likely to be found, and given a user-friendly quantitative
formula for estimating the altitude of the thermal component
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profile and its intensity from a cusp incoherent scatter radar.
We have given the first direct detections of high-altitude
630.0 nm thermally excited red line “flashes,” applying this
formula to ESR data and coincident ASIP images. The pres-
ent scanning data ideal for mapping and tracking boundaries
have error bars consistent with but too large to improve upon
the presently recommended 630.0 intensity formula. Within
the coming year, analysis of existing data with appropriately
smaller error bars will be used to provide a formula adequate
to go beyond boundary tracking and enable more quantitative
aeronomy applications.

6. Summary and Conclusions

[38] We have first given background and motivation for the
need for a raised awareness of thermally excited 630.0 nm
emissions. One motivation is to use incoherent scatter radar
data to calculate and separate thermally excited 630.0 nm
emissions from the total, which in auroral regions includes
particle precipitation and recombination components. A
strong motivation is also the potential for application to the
long-standing issue of separating the net contribution of
reconnection events to the general cross-polar cap potential
drop, such as that treated in considerable detail by
Lockwood et al. [1993, and references therein]. The question
posed by Smith and Lockwood [1996] in their section “the
future” on important outstanding questions “...what is the
relative importance of transient reconnection pulses in
comparison to the more quasi-continuous form?” remains
to be answered.

[39] We then presented a user-friendly formula for calcu-
lating the altitude profile of the thermally excited component
of 630.0 nm emissions and the line-of-sight integral of red
line 630.0 nm intensity in R, as a function of electron and
thermospheric density and temperature. We then summarized
this into a parameterized form allowing examination within a
single figure of when thermally excited 630.0 nm emission is
significant or not. We next took two representative sets of
observations of the cusp over Svalbard, using coincident
EISCAT Svalbard Radar measurements of plasma properties
and coincident 630.0 nm all-sky imaging photometer data,
within the context of SuperDARN convection maps. We
showed that for events displaying signatures of transient
magnetic reconnection, one should expect significant epi-
sodes of thermally excited optical emissions, which need to
be taken into account for flux transfer estimates. Quantified
calculations for these representative case studies demon-
strated that the emission altitude derived from the radar data
(primarily the observed Te) matches well with the observed
emission altitude (from triangulation). In particular, we
mapped the ASIP image onto projections of a series of alti-
tudes in 50km steps from 150 through 600 km, choosing
the altitude at which the 630.0nm ASIP arc location best
aligned with the latitude at which the ESR measured the
significantly enhanced Te. For these data, this approach
narrowed colocation to within a ~50km height or ~1/2°
latitude. This leads to an emission altitude that is more than
double of the 225-250km altitude that conventional
estimates would have applied. The underlying physics and
known morphology strongly suggest that such heights
are representative for events associated with magnetic
reconnection signatures. The higher altitude corresponds to

a factor of 4 difference in area based on geometry, which
can be enough to change estimates of the magnetic flux
entering the polar cap by magnetic reconnection from minor
to major [Lockwood et al., 1993]. We hope that the tool we
introduce here will enable more quantitative studies to be
pursued with both greater ease and confidence. Exploring
the physics highlighted in this paper with more sophisticated
modeling is also a critical next step.
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