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Abstract The Rocket Experiment for Neutral Upwelling 2 (RENU2) rocket was launched on 13
December 2015 at 07:34 UT. The payload transited the cusp region during a neutral upwelling event,
supported by a comprehensive set of onboard and ground-based instrumentation. RENU2 data highlight
two important processes. One is that a proper understanding of neutral upwelling by Poleward Moving
Auroral Forms (PMAFs) requires a treatment that mimics the quasiperiodic passage of a sequence of
PMAFs. As a PMAF reaches a flux tube, its physical consequences must be determined including the
residual history of effects from previous passages, implying that understanding such a process requires an
accounting of the system hysteresis. Second, RENU2 observations suggest that neutral density
enhancements driven by precipitation and/or Joule heating can be highly structured in altitude and
latitude. In addition, timescales involving neutral dynamics suggest that the structuring must be slowly
changing, for example, over the course of 10 to tens of minutes.

1. Introduction

Perhaps the earliest observations of neutral density enhancements at high latitudes are those reported by
Jacchia and Slowey (1964) and based on measurements of atmospheric drag on the Injun 3 satellite during
times of elevated solar activity. These authors suggest that this effect is consistent with Joule heating (e.g.,
Cole, 1962).

Observations of density enhancements were largely limited to similar (presumably) large-scale features
for several decades until Liihr et al. (2004) showed drag measured by the ultrasensitive accelerometer on
CHAMP (Challenging Minisatellite Payload). A unique aspect of these data are the narrow peaks in deceler-
ation that indicate small-scale “bumps” observed as the satellite passed over the cusp region. These bumps
are “encountered almost every time when crossing the cusp region” and, although the density structures
tend to have scale sizes the order of the cusp (350 + 150 km), Liihr et al. (2004) emphasize that the upwelling
is fundamentally associated with fine-scale currents, having magnitudes the order of 150uA/m>.

1.1. Altitudinal Structuring

Additional modeling constraints have arisen from recent observations, those that show not only density
enhancements but also depletions at higher altitudes. For example, the Streak satellite observed relative
density depletions near the southern cusp in the altitude range 123-325 km when averaged over all orbits
(Clemmons et al., 2008). These authors explain that traditional Joule heating (i.e., at E region altitudes)
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would be expected to create density enhancements that simply decrease monotonically with altitude, includ-
ing altitudes above which the Joule heating maximizes. As such, if Joule heating from below 200 km drives
a 30% enhancement seen by CHAMP at 400 km, then similar or greater density enhancements should be
observed between these two altitudes.

Clemmons et al. (2008) conclude from these observations that the driver of this process must not be Joule
heating and propose a mechanism involving heating due to soft precipitation. Energy from soft electron
precipitation is deposited at higher altitudes than Joule heating, allowing observational consistency for the
two satellites: if neutrals are upwelling from an altitude between the two orbits, CHAMP could see an
enhancement that Streak did not.

Evidence for altitude-dependent density perturbations were also shown by Kervalishvili and Liithr (2018),
who compared CHAMP observations (at ~400-km altitude) to GRACE (Gravity Recovery and Climate
Experiment, at ~500-km altitude). One important result is that relative density perturbations at 500-km alti-
tude are greater than at 400 km, especially in winter (i.e., with a dark ionosphere). The implication is that
density enhancements must typically exist at altitudes greater than 500 km (i.e., above GRACE altitudes),
an effect that might be expected based on hydrostatic equilibrium arguments.

An important consideration is whether (and how) high-latitude winds might play a role in the structur-
ing of neutral upwelling. Demars and Schunk (2007) used a high-resolution model of the thermosphere to
investigate thermospheric effects of cusp density enhancements. The response, they explain, is the forma-
tion of a “fountain” of neutral particles, one that results in diverging winds both poleward and equatorward
of the cusp.

Observationally, Wu et al. (2012) showed dayside equatorward winds from Fabrey-Perot Interferometer
data on HIWIND, a high-altitude balloon. Fabrey-Perot Interferometer measurements over the course of
three days showed consistent equatorward winds on the dayside, which were shown to contradict NCAR's
Thermosphere-Ionosphere-Electrodynamics General Circulation Model model predictions. A similar result
was obtained by Horvath and Lovell (2017) using wind measurements derived from the CHAMP accelerom-
eter that show divergent flow structures around the cusp. The results from both of these studies are
consistent with the neutral “fountain” effect predicted by Demars and Schunk (2007).

1.2. Modeling Efforts

While the original models drove the upwelling with E region Joule heating alone, typical implementations
of Joule heating in numerical models have not generally been able to account for the small-scale (and quite
intense) neutral upwelling observed by CHAMP. A notable exception, however, is presented by Crowley
et al. (2010), who did succeed in showing that Joule heating can reproduce the small-scale enhancements
reasonably well, albeit for a single and unusual event.

Models that seek to explain neutral upwelling in the cusp have been increasingly incorporating effects of
soft electron precipitation (Connor et al., 2016; Crowley et al., 2010; Sadler et al., 2012; Zhang et al., 2015).
In some models, electron precipitation drives an enhancement of ionization at F region altitudes that inten-
sifies Joule heating (and neutral upwelling) at those altitudes. Carlson et al. (2012) demonstrated that soft
cusp precipitation, giving rise to enhanced Pedersen conductivity and hence enhanced frictional heating, is
a key mechanism that can explain the thermospheric response to magnetopause reconnection events. Clem-
mons et al. (2008), on the other hand, show that electron precipitation effects operate on smaller scales that
involve either heating of the neutral population directly or as a part of the ion outflow mechanism.

Observationally, some researchers have sought to link such processes. Olson (2012) compared data from
CHAMP to the Fast Auroral Snapshot Explorer (FAST) and determined that the CHAMP upwelling events
are highly-correlated with FAST ion upflows. Kervalishvili and Liihr (2013) carried out a similar study using
CHAMP and DMSP satellites and also determined that neutral upwelling events are correlated with ion
upflow events. The apparent connection between ion outflow and neutral upwelling begs the question of
whether they are driven independently by a common process or whether they are part of a single process.

2. The RENU2 Mission

The objective of Rocket Experiment for Neutral Upwelling 2 (RENU2) has been to determine the extent
to which Joule heating and/or soft electron precipitation contribute to neutral upwelling in the cusp
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Table 1
RENU2 Instrumentation
Instrument Institution Sensor type Range
Ton gauge Aerospace Anelva ion gauge >10710T)
Photometers Aerospace 391.4, 557.7, and 630.0 nm 50 cts/s/R
EPLAS UNH/Dart. Tophat Analyzer 5eVto 14.6 keV
Heeps Ions (3) Dartmouth Tophat Analyzers 0.1eVto1keV
ERPA UNH Thermal Electron RPA 0.06-3 eV
COWBOY Electric Fields Cornell 12-m tip-to-tip wire booms 0-20 kHz, 0-1000 Hz
Science magnetometer Cornell three-axis fluxgate +60,000 nT
UV PMT UNH 130.4 nm, 12° FOV —

RENU?2 = Rocket Experiment for Neutral Upwelling 2.

region. The sounding rocket was launched northward from the Andeya Rocket Range, with simultane-
ous downrange observations including the EISCAT Svalbard Radar, all-sky cameras, scanning photometers,
magnetometers, and other instruments. This arrangement resulted in the payload transiting the cusp, while
instruments on the ground at Longyearbyen and Ny-Alesund provided supporting data. RENU2 instruments
are listed in Table 1 and include electron and ion analyzers, neutral particle instruments, photometers,

electric, and magnetic sensors.

2.1. Launch Conditions

For more than 3 hr before launch, solar wind B, remained weakly negative, with only brief (5-10 min)
positive B, excursions. For nearly an hour before launch, the solar wind speed averaged ~520-km/s with
B, ~ —1.5nT and By ~ 3.5 1T, resulting in a series of Poleward Moving Auroral Forms (PMAFs), as seen in
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Figure 1. Keograms derived from all-sky cameras at 630.0-nm wavelengths.
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The black line in the lower panel shows the rocket trajectory projected to
the assumed auroral emission altitude (250 km). MLAT = magnetic
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Figure 1. The top panel in that figure is a meridional keogram showing
a quasiperiodic series of 630.0-nm auroral emissions propagating pole-
ward over time (i.e., PMAFs). During the early part of the interval, snow
covered the optical dome and obscured the observation. Near 06:45, the
snow was cleared, revealing typical PMAF signatures. Dashed lines in
that panel mark the time of the RENU?2 flight. The poleward speeds of
the PMAFs are estimated to be ~1 km/s.

RENU2 was launched at 07:34:00 UT. In the lower panel of Figure 1,
the keogram is mapped to magnetic latitude and the payload footprint at
250-km altitude is mapped (using International Geomagnetic Reference
Field) to the auroral emission. The launch fortuitously provided observa-
tions lasting more than 200 s within a PMAF. The apogee of RENU2 was
447 km, at approximately 408 s after launch.

During the minutes before launch, Collaborative UK Twin Located Auro-
ral Sounding System (CUTLASS) Super Dual Auroral Radar Network
(SuperDARN) Radar data (not shown) were intermittent but began to
show poleward flows, an indication that the launch range was moving
into the cusp region.

EISCAT Svalbard radar data include electron densities and temperatures
and ion temperatures and upflowing velocities. Before 07:10 UT there
were several transient Joule heating events, where the ion temperature
often exceeded two times the ion temperature background (1300 K).
After 07:10 UT, the ion temperature for the most part stayed within
10-30% of the background, indicating little or no significant Joule
heating. At the same time there was a series of transient electron
temperature enhancements that often exceeded 2 times the electron
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Figure 2. Plot of the Rocket Experiment for Neutral Upwelling 2 trajectory.
The mission design was such that the prime observing would take place on
the downleg, where the trajectory would have the payload descend (more or
less) over Longyearbyen. Dashed lines show the direction of the
geomagnetic field (International Geomagnetic Reference Field).

PMAF = Poleward Moving Auroral Form.

temperature background (1500 K). Consequently, electron precipitation
heating was the dominant process during the RENU?2 flight.

3. Results Overview

The mission strategy was to launch poleward from the Andeya Space Cen-
ter in Andenes, Norway, along a trajectory that would have the payload
descend as close as possible to the EISCAT radar beam in Longyearbyen,
Svalbard. The goal was to maximize the vertical extent of the measure-
ment in the cusp (i.e., the altitude through which RENU2 would drop
while it is in the cusp and as close as possible to EISCAT). EISCAT and the
Kjell Henriksen Observatory (KHO), which houses an extensive array of
optical and magnetic field instruments, are located at approximately 78°
latitude.

Figure 2 shows the final RENU2 altitude profile versus geodetic lati-
tude. Time in seconds-after-launch are noted, for example, as “T+408”
in the figure. The orange line represents the sunlight terminator during
the flight, showing that the majority of the flight was in sunlight.
The “PMAF” label on the plot shows the approximate location of

the PMAFs, that is, directly overhead at Longyearbyen and EISCAT. The slanted dashed lines show the
International Geomagnetic Reference Field trace for each time stamp marked along the flight

trajectory.

On the upleg, RENU2 electron signatures of plasma sheet precipitation are clear. The in situ data
show that RENU2 entered the cusp region at approximately T+445 s, or 07:41:20 UT. While in the
cusp (specifically passing through the PMAF shown in Figure 1), the electron signatures show a series
of small-scale field-aligned electron bursts. Optical signatures also showed a bursty character, with
emission lifetimes being the order of 100 ms as PMAF arcs came into the instrument field-of-view

(Hecht etal., 2019).

KHO 13.12.2015 ; 07:41:31UT
T=24°C . ;

E=1000ms

G=400

N=5

N78°8'52.8" 7=520m E16°2'34.8"

Figure 3. Snapshot of PMAF fine structure, acquired using a ZWO
ASI174MC camera. The PMAF itself (the broad region of luminosity) is
composed of several thin (subkilometers) dynamic arcs. PMAF = Poleward
Moving Auroral Form.

3.1. PMAF Dynamics and Energy Transfer

PMAFs were described by Sandholt et al. (1990), who referred to them
as “Midday auroral breakup events” and noted a recurrence time of
3-15 min between events and a duration of 2-10 min. Fasel (1995) fol-
lowed this work with a statistical study spanning 12 years of data and
found an average duration of 5 min and a mean time between successive
events of 6 min. Ogawa et al. (2003) related soft precipitation signatures
in EISCAT data to upflow in the cusp region and Moen etal. (2004)
linked ion upflow to “bursts” of soft electron precipitation specifically
associated with PMAFs. These authors suggest that the bursty precipi-
tation signatures resulted from the passage of auroral forms over the
radar.

One unexpected but important observation from the RENU2 mission
was provided with the use of a KHO ZWO ASI174MC camera, a
high-resolution, commercially available color camera. Figure 3 shows a
snapshot taken by that camera of the PMAF that RENU2 flew through.
Note that not all of the snow/ice had been cleared from the optical dome,
which accounts for the dark, patchy regions in the image. While the
keograms in Figure 1 seem to show that the PMAFs consist of a broad
region of precipitation, the snapshot in Figure 3 shows that the PMAF
actually consists of numerous small-scale (thin) arcs. In addition, the
original sequence of ZWO ASI174MC images shows that these auroral
forms are highly dynamic. A PMAF, in other words, seem to be comprised
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Figure 4. (a) Trajectory and data from the GRACE satellite (GRACE trajectory is in orange; RENU?2 is marked by the
pink line and the solid black line shows the Poleward Moving Auroral Form orientation; (b) showing a modest neutral
density enhancement ~40 min before the RENU?2 flight. GRACE = Gravity Recovery and Climate Experiment;
RENU2 = Rocket Experiment for Neutral Upwelling 2.

of a group of small-scale arcs that dance back and forth as they drift poleward. This is consistent with the
electron precipitation signatures observed in situ.

PMAF motion plays an important role in coupling dynamics, especially when timescales are considered.
That is, during times of soft precipitation, ionospheric electron heating begins within a few seconds of the
onset of the precipitation and ions respond within tens of seconds, but neutral populations require tens of
minutes. For any given fluxtube, heating of the ionospheric and thermospheric populations is accomplished
by the quasiperiodic passage of a sequence of PMAFs. As a PMAF reaches any given fluxtube, it encoun-
ters initial conditions that retain the history from the passage of the previous PMAF—in other words, the
quasiperiodic process needs to account for hysteresis in the system.

Burleigh et al. (2019) examine this process using a two-dimensional model of ion dynamics to study the
cumulative effects of the sequential passing of PMAFs. Taking different excitation and relaxation time scales
into account (e.g., of electron versus ion dynamics), these authors find that upflow fluxes are the order of
half what they would be under steady forcing. A key part of that work is to show how the widely-varying
timescales of this process may produce the type of structuring suggested by RENU2.

3.2. Neutral Density Observations

Figure 4a shows the RENU2 trajectory over Svalbard and also shows the trajectory of the GRACE satellite,
which provided a fortuitous and important complementary observation of neutral densities. The top panel
shows the GRACE trajectory (orange line) relative to that of RENU2 (pink line) and Svalbard. The solid
black line shows the PMAF orientation.

GRACE data were acquired roughly 40 min before the RENU?2 flight, as GRACE passed over Svalbard, but
to the east of Longyearbyen (within perhaps 200 km). The 40-min difference in observing time is significant,
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although the sequence of PMAFs had been occurring during the GRACE overflight as well. In addition,
thermospheric heating (because of the relatively large mass density involved) changes only over the course of
several 10s of minutes. The GRACE measurement, we conclude, provides a complementary (and reasonable)
estimate of the range of upwelling events during the time leading up to the event that is measured in detail
by RENU2.

Figure 4b shows density estimates derived from GRACE satellite accelerometer data. The bottom panel
includes the GRACE data averaged over 3 degrees in latitude (black), a reference smoothed plot over 10° in
latitude (red), and then the MSIS (Mass-Spectrometer-Incoherent-Scatter) atmospheric density calculated
at the spacecraft location (blue). The density enhancement is a modest ~10% increase, seen near 07:04 UT,
and maps fairly well to the RENU2 trajectory.

Measurements of the neutral thermosphere were obtained by RENU2 in situ with the Ion Gauge
instrument and show no significant deviation from the MSIS densities during the flight, although
these authors do show the presence of strong neutral winds. Using an ultraviolet photometer (UV
PMT) to observe atomic oxygen signatures in sunlight (i.e., above the payload), Fritz et al. (2019) uses the
PMT/GLOW comparison to demonstrate how precipitation-driven emissions in the cusp may be used to
infer structural variation in the neutral background.

To summarize, the UV PMT instrument observed a density enhancement above the payload beginning
near 380-km altitude on the downleg, perhaps providing a measure of horizontal structure based on the
sharp dropoff at the highest latitudes (Fritz et al., 2019). On the other hand, the IG instrument provided
in situ measurements of the background density and found no significant deviation from the background
values (though it may well be the case that a prior density enhancement had moved away from the
region). GRACE observed a density enhancement near the same altitude of the UV PMT instrument tens
of minutes prior.

The increased density above the payload, taken along with a nominal density at the payload and obser-
vations of a modest (10%) density increase observed by GRACE 40 min prior, suggest that neutral density
enhancements driven by precipitation and/or Joule heating can be highly structured in altitude and lati-
tude. In addition, the timescales involving neutral dynamics suggest that the structuring must be slowly
changing, for example, over the course of 10 to tens of minutes.

4. Conclusions

In summary, RENU?2 flew into the dayside cusp region with instrumentation to measure magnetospheric
energy inputs to the ionosphere and thermosphere. The main objective was to relate these inputs to
thermospheric (neutral) upwelling as originally reported by Liihr et al. (2004) and observed by RENU2.

1. Other than a brief period as the payload was entering the cusp (~20 s), where thermal ions are heated
coincident with a local DC electric field increase, the majority of the flight showed that precipitating soft
electrons provided the dominant energy input, in the form of Alfvénic aurora during a PMAF. As often seen
at rock et altitudes, the dominant field-aligned motion of the thermal ion population was downflowing,
with localized regions of upflow. Note that for density enhancement events of ~100% rather than ~10% as
herein, Joule/ion-frictional-drag heating has been estimated to dominate the soft particle heating (Carlson
etal., 2012).

2. High-resolution ground-based images show that the specific PMAF that RENU2 flew through was not a
single, broad region of precipitation but that it consisted of a cluster of highly dynamic, small-scale arcs.
These images are consistent with the in situ electron measurements, which showed bursts the order of
~100-m scale sizes.

3. Perhaps most importantly, observations from RENU2 (combined with GRACE) show that the
higher-altitude neutral population did not consist of a single region of upwelling but that the neutral den-
sity enhancements were quite patchy and extended in altitude and latitude, with strong neutral winds.
The topography of the patches can be expected to change over time scales of tens of minutes.

4. The event presented here provides an important example of cross-scale coupling, where the repeated pas-
sage of thin (subkilometers) auroral arcs can contribute to neutral upwelling at scale sizes several of tens
of kilometers.
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