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Abstract A plasma density hole was created in the ionosphere by a rocket launch from Cape Canaveral,
Florida near local sunset on 30 August 2020, which is called rocket exhaust depletion (RED). The hole persisted
for several hours into the night and was observed in total electron content (TEC) maps, the Global-scale
Observations of the Limb and Disk (GOLD) imager, and multiple low-earth-orbit satellites. The RED created
a nightglow pit in the GOLD 135.6 nm image. Swarm satellites found that the RED exhibited insignificant
changes in electron/ion temperature and field-aligned currents. On the other hand, magnetic field strength
was enhanced inside the RED by a few tenths of a nanotesla. Assimilation data products of the Constellation
Observing System for Meteorology, Ionosphere, and Climate 2 (COSMIC-2) mission reveal that ionospheric
slab thickness increased at the center of the RED, which is supported by combined analyses of the GOLD
and TEC data. The RED did not host conspicuous substructures that are stronger and longer-lasting than the
ambient plasma did.

Plain Language Summary Water molecules abundant in rocket exhaust are known to expedite loss
of charged particles, which leads to a big hole in the ionosphere, so-called rocket exhaust depletion (RED). On
30 August 2020, a massive rocket was launched from Cape Canaveral, Florida around local sunset time. As
expected, the launch created RED in plasma data obtained by ground-based global positioning system receivers
and by multiple low-Earth-orbit satellites at altitudes of several hundreds of kilometers above ground. As the
RED persisted into the night, the global-scale observations of the limb and disk imager flying ~36,000 km
above the American continent acquired a 2-dimensional image at the 135.6 nm light wavelength (i.e., color).
The Swarm satellites found that magnetic field strength increased by a few tenths of a nanotesla at the RED.
Combined analyses of the observation data reveal that the vertical thickness of the ionosphere increased in the
middle of the RED. The RED did not host conspicuous substructures that are stronger and longer-lasting than
the ambient plasma did.

1. Introduction

Rocket launches are known to leave a number of signatures in the ionosphere and upper atmosphere. The fast
moving rocket bodies first generate shock and acoustic waves (e.g., Chou et al., 2018; Kakinami et al., 2013; Lin
et al., 2017; Liu et al., 2018). Also, water molecules released as rocket exhaust can enhance chemical recombi-
nation of ionospheric plasma (e.g., Bernhardt et al., 2001), which is called Rocket Exhaust Depletions (REDs):
see Mendillo et al. (2008). As a byproduct of the recombination process, excited oxygen atoms are created,
which eventually emit 630.0 nm red airglow (e.g., Mendillo et al., 2008). Under daylight, the water molecules
in the exhaust are also photo-dissociated to produce hydrogen atoms, which in turn scatter the Lyman-alpha line
(121.6 nm) in the sunlight (e.g., Meier et al., 2011).

RED, which will be the focus of this paper, has been studied for more than 60 years with various instruments: iono-
sondes (e.g., Booker, 1961; Mendillo et al., 2008), Incoherent Scatter Radar (ISR: e.g., Wand & Mendillo, 1984),
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Global Position System (GPS) receivers (e.g., Choi & Kil, 2017; Mendillo et al., 2008; Ssessanga et al., 2018),
airglow imagers (e.g., Mendillo et al., 2008), and in-situ measurements by low-Earth-orbit (LEO) satellites (e.g.,
Mendillo et al., 2008; Park et al., 2016). Computer simulations have also been conducted extensively, such as
Bernhardt et al. (2001), Lin et al. (2017), and Feng et al. (2021), to name a few. Furthermore, the effects of
RED on radio wave propagation were studied by, for example, Ma et al. (2021). It is known that RED can last
for several hours, even under daylight and concomitant refilling by photo-ionization (e.g., Park et al., 2016, and
references therein).

Two-dimensional (2D) RED imaging on the world map heavily counted on the total electron content (TEC) data
obtained from global navigation satellite system (GNSS) receivers (e.g., Liu et al., 2018; Mendillo et al., 2008;
Nakashima & Heki, 2014; Park et al., 2016). In addition, there were studies based on airglow images. Mendillo
et al. (2008) reported that nighttime 630.0 nm airglow was enhanced along a RED trajectory, which was inter-
preted as representing oxygen atoms excited by chemical recombination processes of RED. For several space
transport system (STS) launches, Stevens et al. (2005) and Meier et al. (2010, 2011) reported 2D dayglow images
of rocket exhaust in the Lyman-alpha line (121.6 nm). The emission comes from sunlight scattered by hydro-
gens (e.g., Vorburger & Wurz, 2021, Table 3), which result from dissociation of H,O in rocket exhaust (Stevens
et al., 2005) and can be used as tracers of atmospheric transport (e.g., Datta-Barua et al., 2021). Niciejewski
etal. (2011) also presented 2D images of the RED in the H,O microwave brightness. Note that those H— or H,0—
related emissions represent rocket exhaust itself (i.e., neutral particles) rather than the ionospheric depletion it
induces (i.e., charged particles). To the best of the authors' knowledge, it is yet to be reported how RED would
look in 2D nightglow images in the far-ultra-violet (FUV) wavelength regime, for example, in the 135.6 nm
oxygen line and the N, Lyman-Birge-Hopfield (LBH) band.

In-situ observations of RED have also been rare (see discussion of Park et al., 2016), but such measurements can
be more beneficial for investigating detailed spatial structures of RED than remote sensing, which inherently inte-
grates signals along the line-of-sight (LOS). Park et al. (2016) reported in-situ measurements of "dayside" RED,
which is naturally expected to have smooth density profiles because photo-ionization creates a harsh environment
for ionospheric irregularities to survive (e.g., Huang et al., 2013, discussion). For nightside RED, Mendillo
et al. (1980) briefly mentioned absence of RED substructures at >1 km scale sizes. Still, it is yet to be investigated
using in-situ data whether “nightside” RED can host significant substructures, or they are smooth like dayside
RED events.

Only a few papers addressed RED plasma parameters other than density, such as ion and electron temperature.
Bernhardt and Sulzer(2004, Figures 6—7) reported enhanced ion temperature and field-aligned ion upflow around
a nightside RED. But, the duration of the enhancement was much shorter than that of RED, which suggests
that the ion velocity and temperature perturbations be associated to the initial development of RED. Bernhardt
et al. (2012, Figure 27) presented in-situ observations of various plasma parameters (e.g., velocity and temper-
ature) around a rocket exhaust region, but the plasma density there was enhanced rather than depleted, which
implies that the event represents other exhaust-related phenomena than RED itself. Park et al. (2015, 2016) showed
that electron temperature observed by LEO satellites was enhanced at a “dayside” RED. Such anti-correlation
between “dayside” electron temperature and density has been reported for other natural ionospheric phenomena,
such as Oyama et al. (1988, Figure 6) for Equatorial Plasma Bubbles (EPBs). As the electron density-temperature
relationship changes with local time (Oyama et al., 1988, Figure 6; Kakinami et al., 2011, Figure 1), further stud-
ies are necessary for investigating electron temperature variations around nightside RED.

As for magnetic signatures of REDs, only Park et al. (2015) briefly addressed absence of noticeable diamagnetic
effect (i.e., compressional component of magnetic perturbation) of a “dayside” RED. There has been no report
on field-aligned current (FAC) signatures around REDs, which lead to magnetic deflections perpendicular to the
background field lines. In the low- and mid-latitude ionosphere, localized FACs generally signify divergence of
ambient ionospheric currents by plasma conductivity inhomogeneity (e.g., Rodriguez-Zuluaga & Stolle, 2019;
Stolle et al., 2006).

In this study, the above-mentioned knowledge gaps will be addressed in detail. The Global-scale Observations of
the Limb and Disk (GOLD) mission is used for getting 2D FUV images of nightglow intensity in the 135.6 nm
line and the LBH band. From regional 2D maps of TEC combined with the GOLD data, we try to extract
constraints on the vertical profiles of ionospheric plasma. The results will be cross-compared with assimilative
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3-dimensional (3D) ionospheric density products from the Constellation Observing System for Meteorology,
Ionosphere, and Climate 2 (COSMIC-2) mission. In-situ measurements by multiple LEO satellites provide
plasma density data at multiple locations as well as other plasma parameters: for example, electron/ion tempera-
ture and magnetic field changes.

2. Datasets and Processing Methods

The GOLD mission aims at imaging the upper atmosphere/ionosphere above American/Atlantic regions in the
FUYV range. The instrument is carried by a geosynchronous (GEO) satellite (SES-14) at 47.5°W in geographic
longitude since 2018. The operation sequence is nominally composed of four individual modes: dayside disk,
nightside disk, limb, and occultation modes (Eastes et al., 2020). In this study, nightside disk images of an
RED event are investigated, especially in the 135.6 nm line representing the ionospheric plasma density (Qin
et al., 2015). The data repository of the GOLD mission is at: https://gold.cs.ucf.edu/data/search/.

The Massachusetts institute of technology (MIT) Haystack observatory produces 2D maps of TEC with a spatial
resolution of 1° X 1° in geographic latitudes (GLAT) and longitudes (GLON) every 5 min: see Coster et al. (2017)
and references therein. The product is based on ground-based GNSS receivers, and the coverage is better over
landmasses than over the ocean. All the data are open to the public at Madrigal web sites, such as: http://cedar.
openmadrigal.org/openmadrigal.

The Swarm constellation, which was launched on 22 November 2013, has 3 satellites equipped with precision
magnetometers and plasma probes. Two of the satellites (Swarm-Alpha and Swarm-Charlie) fly side-by-side at
an altitude of about 450 km while the remaining one (Swarm-Bravo) is about 50 km above the pair. In this study,
the electron density and temperature (2 Hz; product identifier “EFIx_LP_1B”, where x is A, B, or C to signify
one of the three Swarm satellites) measured by the onboard Langmuir Probes (LPs) are mainly used to diagnose
the plasma around the RED event: refer to Knudsen et al. (2017) for details of the instrument. We also seek for
the existence of measurable magnetic field deflections, which represent local current systems caused by the RED
event. The Swarm data are available at: https://swarm-diss.eo.esa.int/#swarm.

The COSMIC-2 mission is composed of 6 identical satellites having a target altitude of about 520 km and incli-
nation angle of 24°. The satellites were launched in June 2019 into a parking orbit at an altitude of about 720 km,
and have been pulled down to the mission height gradually. Each satellite carries the Ion Velocity Meter (IVM)
that can measure ion density, temperature, and velocity vectors. Currently, only the ion density are available at the
official repository (https://data.cosmic.ucar.edu/gnss-ro/cosmic2/postProc/level2/), which will be used for this
study. The COSMIC-2 project also provides the global ionospheric specification (GIS) product, a 3-dimensional
cube of electron density per hour, which is created by assimilating COSMIC-2 radio occultation (RO) observa-
tions with ground-based TEC (e.g., Rajesh et al., 2021). All the GIS data are open to the registered users at http://
formosat7.earth.ncku.edu.tw/.

Norsat-1, which was launched on 14 July 2017 into a Sun-synchronous circular (altitude~600 km; local
time~23:30) orbit, carries multi-Needle Langmuir Probe (mNLP) for electron density and temperature meas-
urements (Hoang et al., 2018). The data and orbit files are available at the data distribution site (http://tid.uio.
no/plasma/norsat/data.php). As was done by Ivarsen, Park, et al. (2021), we utilize the raw probe current that
represents plasma density because only relative variations are important in this study.

3. Results
3.1. Overview of the RED Event: Time Series of 2D TEC Images

On 30 August 2020, a Falcon rocket was launched from Cape Canaveral, Florida at 23:18:56 in Universal Time
(UT): https://en.wikipedia.org/wiki/2020_in_spaceflight. It is notable that the rocket was shot into a polar orbit,
for the first time since the last similar launch from Cape Canaveral in 1969. The geomagnetic activity was
slightly enhanced during the period of interest: the Kp index was between 2.7 and 4.3. As is expected (e.g., Chou
et al., 2018; Mendillo et al., 2008), the rocket left a signature of plasma depletion in the ionosphere, so-called
RED.
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Figure 1 presents the temporal evolution of TEC around Cape Canaveral. In each panel, the color palette repre-
sents TEC, and the large cross on Florida corresponds to the launch site. In order to display the RED under a
unified color palette, we intentionally use a saturated color bar. The gray dashed grids signify magnetic latitudes
(MLAT) and longitudes (MLON) in the Quasi-Dipole coordinate system (Laundal & Richmond, 2017) while the
thick black dash-dotted ropes in the top row indicate the solar zenith angle (SZA) of 90°, that is, approximate
location of the sunset terminator. On the maps, thick solid black lines with picket fences are LEO satellite orbits
projected along magnetic field lines down to the nominal Madrigal TEC altitude of 350 km. We assume that the
Earth's radius is 6371.2 km. The CHAOS geomagnetic field model (https://www.space.dtu.dk/english/research/
scientific_data_and_models/magnetic_field_models) is used for the mapping. Black picket fences running along
the mapped orbits indicate relative variations of the in-situ plasma density measured by individual satellites.
Every panel that shows the LEO satellite track has a subpanel at the bottom or to the right. The subpanels
give qualitative comparison between the in-situ plasma density (black) and the TEC values resampled along the
mapped satellite track (red).

Figure 1a reveals a faint signature of TEC depletion to the south of the launch site, which is highlighted with
a green arrow. Note that Figure 1 corresponds to the time no more than 10 min after the launch, and that the
depletion emerged before local sunset. Further, 10 minutes later, in Figure 1b, the RED becomes more conspic-
uous. Again 30 min later (Figure 1c), the mapped orbit of COSMIC-2D passed through the RED from west to
east. In the bottomside subpanel of Figure 1c, RED signatures in the in-situ plasma density (black) and TEC
(red) are at similar locations. About 1.17 hr later (Figure 1d), the RED signature in the TEC map persisted, and
Swarm-Alpha and Swarm-Charlie pair skimmed the eastward half of the RED. For visual clarity, we only show
the Swarm-Alpha's orbit and data in Figure 1d. In the rightside subpanel of Figure 1d, the in-situ plasma density
(black) and resampled TEC (red) show reasonably good agreement. Half an hour later (Figure 1e), COSMIC-2D
again passed above the RED, and the COSMIC-2D and TEC data reasonably agree with each other. Further
1.17 hr later (Figure 1f), Norsat-1 passed around the RED and observed plasma density depletion (rightside
subpanel). Note that the original data are resampled at 2 Hz rate to reduce the data size. The location of the
minimum in-situ density (refer to the red arrow in Figure 1f) is close to the region where RED was observed by
COSMIC-2D, and the TEC map in Figure le. Total Electron Content resampled along the Norsat-1 orbit is not
shown because of large data gaps in the TEC map. In summary, (a) the TEC maps in Figure 1 exhibit RED for
more than 3 hours, and (b) in-situ plasma density measurements around the RED are in good agreement with
what the TEC maps show.

3.2. Nightglow Images From GOLD

At 00:25 UT on 31 August 2020, about 1 hr after the rocket launch, GOLD obtained 1 figure around the RED
event. Before taking this picture, the field-of-view (FOV) of GOLD was directed toward Africa and Atlantic
Ocean, and it could not fully observe the RED. After 00:25 UT, on the other hand, the normal operation scenario
turned GOLD off in order to avoid direct sunlight touching its sensitive parts. Therefore, the image at 00:25 UT
on 31 August 2020 (Figure 2) is the only one that captured the conspicuous RED signatures.

Figure 2a presents a 135.6 nm nightglow image obtained by GOLD, in which Level-1C data integrated over
133.0 nm ~ 137.0 nm are interpolated at regular GLAT-GLON grids without additional corrections for emission
angles. The thick white contour corresponds to the 3 Rayleigh level of the image after smoothing by a 17-by-17
median filter. The image reveals an oval-like depletion of the nightglow around the launch site, in agreement with
the TEC maps in Figure 1 (especially, with Figure 1c that is close in time to Figure 2). The oval-like morphol-
ogy of the 135.6 nm depletion is different from characteristics of natural irregularities in the mid-latitude iono-
sphere, which have been generally reported to be planar (e.g., Aa et al., 2019; Chartier et al., 2021; Cherniak &
Zakharenkova, 2018; Kil et al., 2019; Zakharenkova et al., 2016). The LBH band image (Figure 2b) does not have
anoticeable RED signature. LBH band nightglow around Cape Canaveral appears weak and noisy, as expected for
the nightside low- and mid-latitude ionosphere hosts few energetic particles. Note that the saturated dark red region
on the left edge of the GOLD images corresponds to sunlight contamination. The white dashed line in each panel
is reserved for direct comparison between TEC and 135.6 nm nightglow, which will be addressed in Section 4.

As the day of interest (30-31 August 2020) was close to the full moon (on 25 August 2020; https://www.calen-
dardate.com/moon_phases/2020/august.php), most of the ground-based all-sky imagers could not obtain clear
nightglow images: for example, the all-sky imager at Arecibo (http://sirius.bu.edu/dataview/?location=arecibo&-
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Figure 2. Global-scale observations of the limb and disk observations of far-ultra-violet nightglow around the launch site: (a) 135.6 nm Oxygen line, and (b)
Lyman-Birge-Hopfield band. Thick white contours in panel (a) are given for visual guidance and corresponds to the 3 Rayleigh level of the image after smoothing
by a 17-by-17 median filter. The white arrow points out the rocket exhaust depletion location. Saturated dark red color on the left part of panel a represents sunlight

contamination close to the terminator.

year=2020&filt=6300). On the other hand, GOLD observing the ionosphere from the GEO vantage point could
image the RED with negligible moonlight contamination, which evidences the usefulness of GOLD in comple-
menting conventional ground-based imagers.

3.3. Plasma Temperature and FAC Variations: Swarm Observation 1

The good agreement between the TEC and in-situ plasma density (Figure 1) suggests that COSMIC-2D, Swarm,
and Norsat-1 actually encountered the same RED as the TEC maps reveal. Hence, we move one step further to
investigate RED properties other than plasma abundance. In this and the following subsections, we mainly focus
on the electron temperature and geomagnetic field measured by Swarm-Alpha and Swarm-Charlie. The Swarm
pair observations are shown in Figure 3: Swarm-Alpha in red, and Swarm-Charlie in blue. Each panel from the
top presents: (a) Plasma density, (b) electron temperature, (c) floating potential of the LP, (d) radial current
density, and (e) satellite track on the world map rotated clockwise by 90°. The thick black dashed line in the
bottom panel represents the dip equator, and the horizontal axis is GLAT. The RED event is highlighted by the
red shade.

In Figure 3a, we can see that the RED is deeper in the Swarm-Alpha data (red line) than for Swarm-Charlie (blue
line), which can be understood in terms of the distance to the launch pad: Refer to Figure 3e. Swarm-Alpha was
located closer to the launch pad than Swarm-Charlie. For comparison, note that the Swarm pair near the dip
equator encountered EPBs that exhibit strong fluctuations of plasma density and clear inter-satellite difference
(gray shade).

The electron temperature in Figure 3b does not show drastic changes around the RED, except for small notch-like
artefacts that are spread over a large part of this orbit. The absence of an electron temperature increase is nota-
ble because the two dayside RED events in Park et al. (2015, 2016) exhibited clear enhancements of electron
temperature. It may be interpreted in terms of solar Extreme Ultra-Violet (EUV) heating and collisional cooling

Figure 1. Temporal evolution of the rocket exhaust depletion event around Cape Canaveral on 30-31 August 2020. The panels are ordered in universal time. In each
panel, the color palette represents vertical total electron content (TEC) obtained from the Madrigal database. The gray dashed grid corresponds to magnetic latitudes and

longitudes while one cross is placed at the

launch site. The thick black dot-dashed ropes represent the solar zenith angle of 89.5°, 90°, and 90.5°, which approximately

corresponds to the dusk terminator. Solid black curves stand for the satellite tracks projected along geomagnetic field lines down to 350 km, the nominal mapping
altitude of the Madrigal TEC. The accompanied picket fence structures in panels c—f qualitatively show in-situ plasma density. The bottomside and rightside subpanels
give comparison between in-situ plasma density (black) and TEC resampled along the spacecraft tracks (red).

PARK ET AL.

6 of 18

85UB017 SUOLUIOD dAITE1D) 3[ceatdde ay) Aq peusenof a2 Saoilie YO ‘SN JO Sa|NJ o} Akeiqi8UlUO AS]IAN UO (SUOIPUCD-PUR-SLLIBI WD A8 | M Aeiq 1 pu1|uo//SANY) SUONIPUOD PUe SLLB | 841 39S *[£202/20/ST] U0 A%eiqiT auliuo A8|1M ‘UiesH 21iand JO aimisu| ueiBemioN AQ 606620 VETZ02/620T OT/10p/wod"Aa|mAeiqiputiuosqndnBe;/sdny wouy pspeojumoq ‘z ‘220z ‘Zove69Te


http://sirius.bu.edu/dataview/?location=arecibo%26year=2020%26filt=6300

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics

10.1029/2021JA029909

Swarm/EFI-FAC (SOUTHBOUND) 2020-08-31 LT:20.3
I I I I

T

T

T

Swarm-A (442.3 km) ’ ()
| Swarm-C (442.4 km)

A T T T

i N\
an 'r"\l m‘ ‘ ]
| | | “'\1 | W | { '»l | | | ‘ | |

P ol T

| | | | | | | | | | | |

I I I I I I I I I I I ]

GLAT (deg.)

Figure 3. In-situ observations of the rocket exhaust depletion (RED) by Swarm-Alpha (red line) and Swarm-Charlie (blue line): (a) Plasma density, (b) electron
temperature, (c) floating potential of the onboard Langmuir Probe, (d) radial current density, and (e) spacecraft ground tracks rotated clockwise by 90°. The universal
time tags are given at regular 10 min intervals on the tracks. The gray and pink shades correspond to regions hosting equatorial plasma bubbles and RED, respectively.

in the ionosphere. During daytime, the electron temperature increases when the electron density decreases due
to the balance between solar EUV heating and electron cooling by the Coulomb collision with ions. On the
contrary, during nighttime when the solar heating disappears, this competition mechanism does not work. The
floating potential of the LP, which is largely determined by the electron temperature (e.g., Chen, 2003, Equation
5; Bhattarai, 2017, Equation 8), also shows little RED-related change. According to Swarm ion temperature data
that have lately been released (Lomidze et al., 2021), ion temperature also exhibits inconspicuous changes at the
RED (figure not shown).

Plasma density and electron temperature measured by the Swarm/LP were extensively investigated by Lomidze
et al. (2018). Their validation of electron temperature relied on Swarm conjunctions with low-latitude incoherent
scatter radars. Swarm temperatures are systematically too high by several hundred Kelvin, and Lomidze et al. (2018)
provide expressions for adjusting the electron temperatures to bring them into agreement with ISR observations
on average: the expressions are used for Figures 3 and 4 in our study. The recent statistical investigation by
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Pignalberi et al. (2021) examines the Swarm temperatures in terms of local time at three ISR sites. They report
that the Lomidze et al. corrected temperatures are still systematically higher than ISR estimates for night-time and
low-latitude observations. The location and local time of the RED analyzed in this study, however, are consistent
with the region of good electron temperature data quality. Rodriguez-Zuluaga et al. (2019) noted the Swarm/LP
electron temperature may exhibit strong and suspicious fluctuations around EPBs. This is also the case for the
EPBs in our Figure 3 (gray shaded), and the fluctuation magnitudes reach a few thousand Kelvin. Caution is urged
in interpreting those EPB-related data. However, in the RED in Figure 3 (red shaded), which is the region of our
main interest, the electron temperatures vary smoothly and there are no intense fluctuations. Therefore, the authors
believe that the Swarm/LP data around the RED are reliable, which will be further discussed in the next subsection.

Figure 3d presents the radial current density calculated from the magnetic field measurements, which is provided
in the Level-2 FAC product of the Swarm project: see Ritter et al. (2013). The radial currents at off-equatorial
regions are conventionally related to signatures of FACs (e.g., Liihr et al., 2019). Around the RED in Figure 3d,
no conspicuous fluctuations of current density can be found, especially when we compare them with the current
fluctuations scattered in other parts of this orbit.

3.4. Diamagnetic Effects of RED: Swarm Observation 2

Further details on the magnetic field variations (or equivalently, the current density variations) around the RED
are shown in Figure 4. Only Swarm-Alpha data are presented here because the onboard absolute magnetom-
eter onboard Swarm-Charlie failed in November 2014. In Figure 4a, we plot the plasma density measured by
Swarm-Alpha as a function of MLAT. The RED is highlighted with red shading. The following three panels pres-
ent the meridional, zonal, and compressional magnetic field residuals, respectively. The residuals are calculated
by subtracting the CHAOS model values from the Swarm data, which can isolate magnetic field perturbations
coming from the ionosphere. Both the Swarm Level-1b magnetic field data and CHAOS outputs are given in the
local spherical coordinates: in the geographic north-south, east-west, and zenith-nadir directions. We make trans-
formations from the original coordinate system to the mean-field-aligned frame. The new frame is defined by the
CHAOS model magnetic field: the z-axis (parallel; compressional) aligned with the model magnetic field, y-axis
(zonal) perpendicular to it on the horizontal plane, and x-axis completing the triad and pointing toward higher
L-shells (meridional). The meridional and zonal components are shown in Figures 4b and 4c. The compressional
component shown in Figure 4d is estimated by subtracting CHAOS outputs directly from the Absolute Scalar
Magnetometer of Swarm-Alpha, which accurately measures absolute intensity of geomagnetic field.

In Figures 4b and 4c, we cannot identify conspicuous magnetic field deflections belonging to the RED. Large-scale
ambient currents perpendicular to the geomagnetic field lines, when they encounter plasma irregularities such as
EPBs, can diverge into the field-aligned direction, which creates FACs and resultant perturbations of zonal and
meridional magnetic fields (e.g., Stolle et al., 2006; Yokoyama & Stolle, 2017). This phenomenon is analogous
to electric currents in a simple circuit, which always find the easiest way to flow (i.e., the way with the minimum
resistance). The absence of conspicuous FAC signatures in Figures 4b and 4c suggests that the RED cannot effi-
ciently divert background perpendicular currents, possibly because the walls are not steep. The RED in this event
has a smooth density profile while typical EPBs have precipitous walls with fine substructures (e.g., Figure 3a).
The large conductivity gradients at EPB boundaries, unlike those of the RED, may efficiently divert background
currents and generate observable FACs as reported in Rodriguez-Zuluaga and Stolle (2019), Stolle et al. (2006),
and Yokoyama and Stolle (2017) .

Figure 4d presents the compressional component of the magnetic residuals. At the RED location, we can identify
a clear shoulder structure sitting on a larger-scale declination trend. To aid visual inspection, we add a straight
black dashed line drawn by hand. As the black dashed line is connected more or less smoothly to the compres-
sional components outside the RED region, we argue that the shoulder structure protruding above the dashed
line indicates RED. Ionospheric plasma density irregularities are known to seek a total pressure balance, which
is the sum of magnetic and particle pressure. As a result, the magnetic field strength often increases within
plasma depletions, which is the diamagnetic effect (e.g., Liihr et al., 2003; Rodriguez-Zuluaga et al., 2019; Stolle
et al., 2006). We expect similar mechanisms at work for RED.

In Figure 4e, the magenta solid line represents the compressional magnetic residual in Figure 4d, but after
passing a high-pass filter (based on a 251-point Savitzky-Golay filter) to remove the large-scale trend and to
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Figure 4. In-situ observations of the rocket exhaust depletion (RED) by Swarm-Alpha: (a) Plasma density, (b) meridional
magnetic deflection toward higher L-shells, (c) zonal magnetic deflection toward magnetic east, (d) residual magnetic field
strength, and (e) high-pass-filtered residual field strength (magenta solid line) and diamagnetic effect estimated from the
plasma and magnetic data (red dashed line; intentionally magnified by a factor of 5). The RED event is highlighted with red
shade.

isolate the RED signature. The red dashed curve corresponds to the diamagnetic effect calculated by inputting
the measured plasma density (filtered in the same way as the compressional magnetic residual) and electron/
ion temperature and background magnetic field intensity into Equation 3 of Rodriguez-Zuluaga et al. (2019),
but intentionally magnified by a factor of 5. Note that the electron density and temperatures used for Figure 4
are recalibrated according to the recommendation in Lomidze et al. (2018). The “high-gain mode” equations
in that paper are selected because the “Flags_LP” parameter during the RED event is unity (Probe 1 = high
gain) except for a few data points during the sweep mode. “Flags_Te” parameter during the RED was always
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20, which means that electron temperature data are reliable. In Figure 4e, the observed magnetic residual (after
high-pass filtering; magenta solid line) peaks around the RED density minimum. Its MLAT profile closely
follows the theoretically expected diamagnetic effect of the RED (red dashed line). But, the observed intensity
(~0.3 nT peak-to-peak) is much larger than calculated from the plasma density depletion, approximately by a
factor of five. We repeated the calculation with an assumption that ion temperature is equal to that of electrons:
that is, with more emphasis on the electron temperature that was extensively validated by Lomidze et al. (2018)
rather than on the recently released ion temperature data. But, the results were qualitatively similar to Figure 4
(figure not shown).

Previously (Park et al., 2008, 2010), reported that observed diamagnetic effects of natural ionospheric irregular-
ities (e.g., EPBs) were stronger than expected from plasma density variations. Possible reasons may be effects
of neutral pressure. For example, if the RED hosts more tenuous neutrals than the surrounding, the resultant
particle pressure decrease can further enhance the magnetic field strength. Unfortunately, for neutral pressure,
cross-validated high-resolution data are unavailable at the moment. The conjecture given above remains specu-
lative. Note that the diamagnetic effect equation used for this study (Rodriguez-Zuluaga et al., 2019, Equation 3)
assumes total pressure balance across ionospheric inhomogeneities. Hence, the difference between the expected
diamagnetic effect and the actual magnetic field changes may imply possible pressure imbalance between the
RED and the ambient. Further studies including neutral atmosphere observations are warranted to verify this
conjecture.

Also, we note that the observed diamagnetic effect of about 0.3 nT is no larger than commonly observed dayside
fluctuations of compressional magnetic field (e.g., Heilig et al., 2007, Figure 1; see also Heilig & Sutcliffe, 2016,
Figure 2a). Therefore, for dayside RED it would be difficult to isolate the diamagnetic effect, if any, from natural
background pulsations, which may explain why Park et al. (2015) reported no conspicuous diamagnetic effect.

4. Discussions
4.1. Vertical Structures of the RED

Vertical profiles of ionospheric density around the RED can be gleaned from the 3D COSMIC-2/GIS product.
The GIS electron density data are produced by assimilating integrated plasma contents along the lines of sight,
be they vertically upward (ground-based GPS receivers) or near-horizontal (COSMIC-2 occultation antennas),
which inherently smooth out spatial inhomogeneity. Hence, rather than using the GIS plasma density as fiducial
points for this RED event, we focus on qualitative changes of ionospheric vertical structures around the RED.

Figure 5 presents a selected set of the COSMIC-2/GIS data. The top and bottom rows correspond to 00 UT and
01 UT on 31 August 2020, respectively, which are approximately 0.5 and 1.5 hr after the launch. Note that the
GIS product tagged with “00 UT” actually represents the time period between 00 UT and 01 UT. The left column
shows electron density maps at a fixed altitudes of 280 km. The white solid and dashed contours indicate the dip
equator and constant-MLAT lines, respectively. The thick black dashed line correspond to the reference line in
Figure 2a. The right column presents vertical profiles of ionospheric density for two selected locations along the
reference line on the map: red circle for the RED region, and the black triangle for the ambient plasma outside
the RED. The blue horizontal dashed lines in Figures 5b and 5d represent the reference altitude (280 km) of the
electron density maps in Figures 5a and 5c. We can see in Figures 5b and 5d that the chosen altitude of 280 km
is close to the ionospheric peak height.

Two points in Figure 5 are worth discussion. First, plasma depletion around the launch site is reproduced by the
COSMIC-2/GIS product at both 00 UT and 01 UT. The plasma depletion at 00 UT (Figure 5a) is not clearly
isolated, but rather connected to adjacent depletions toward west. Considering that the TEC maps in Figure 1
show well-defined RED signatures, the slightly ambiguous signs of RED in Figure 5a seem to reflect inherent
limitations the assimilation approach might have in reproducing localized plasma inhomogeneity. Also, accord-
ing to Lin et al.(2020, Figure 7), the COSMIC-2/GIS product at the F-region peak has uncertainty of the order
of 10° cm~3, and the RED depth shown in Figure 5 is near this uncertainty level. The RED signature at 01 UT
(bottom row) can be better identified in the global map (Figure 5c) around Cape Canaveral. The UT dependence
of the RED behavior in the GIS product qualitatively agrees with Figure 1, where the RED was better developed
around 01 UT (=25 UT) than near 00 UT (=24 UT).
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Figure 5. COSMIC-2/global ionospheric specification (GIS) data product around the rocket exhaust depletion (RED). The
top and bottom rows correspond to 00 Universal Time (UT) (~0.5 hr after the launch) and 01 UT (~1.5 hr after the launch) on
31 August 2020, respectively. The left column corresponds to the constellation observing system for meteorology, ionosphere,
and climate 2 (COSMIC-2)/GIS density maps at a chosen altitude of 280 km. The white solid and dashed contours on the
maps respectively represent the dip equator and constant-magnetic latitudes lines. The thick black dashed line is the reference
line used for the slab thickness estimation in Figure 7 (see also Figure 2). The right column presents vertical profiles of
ionospheric density sampled at two locations on the map: Red circle for RED and black triangle for the ambient plasma, both
of which are close to the reference line. The blue horizontal dashed lines in the rightmost column represent the 280 km height
used for the COSMIC-2/GIS density maps in the left column. The RED regions are annotated with horizontal red arrows.
Second, the F-region vertical profiles in Figures 5b and 5d become blunter around RED (red curve) than in the
ambient (black curve) at both 00 UT and 01 UT. For 01 UT (Figures 5c and 5d), where we can identify clear RED
signatures, the slab thickness estimated from the COSMIC-2/GIS profiles (see Huang et al., 2016, Equation 2) is
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Figure 6. Extended time series of constellation observing system for meteorology, ionosphere, and climate 2/global ionospheric specification data product around the
rocket exhaust depletion (RED) for the reference altitude of 280 km. The universal time flows from left to right columns. The top and middle rows correspond to the day
before and the day of the rocket launch. An approximate trajectory of the launch is shown with a black dashed line in each panel. The bottom panel presents difference
maps between the middle and top rows, which can isolated RED signatures from natural ionospheric variability.

288 and 168 km inside and outside RED, respectively. In other words, the slab thickness increased by approxi-
mately 70% near the RED. For 00 UT (Figure 5b), the increase was about 44%.

For completeness, in Figure 6 we show extended time series of COSMIC-2/GIS data at the 280 km altitude. The
UT flows from left (22 UT) to right (01 UT on the next day). The top and middle rows present the GIS data on
the previous day (29-30 August 2020) and the day of rocket launch (30-31 August 2020). Note that the rocket
was launched around the time represented by Figure 6f, and the approximate trajectories (https://spaceflightnow.
com/) are shown with a black dashed line in each panel. Figures 6g and 6h are reproduction of Figures 5a and S5c
in a slightly different format. The bottom row is the difference between the middle and top rows, which would
help to isolate the RED from natural ionospheric variabilities. In Figure 6, significant day-to-day variability in
the spatial plasma distributions hinders us from clearly isolating the RED signal. Still, focusing on the region
around the rocket launch (black dashed curves), we can at least find that: (a) RED signature emerges only after
the launch of the rocket (bottom row), and (b) no RED-like signatures exist on the previous day (top row). Both
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Figure 7. (a) Location of a one-dimensional reference line that passes through the rocket exhaust depletion event, (b) total
electron content (TEC) along the reference line, (c) 135.6 nm nightglow in Figure 2 resampled along the reference line, and
(d) the ratio between the smoothed TEC and the square root of the smoothed 135.6 nm nightglow. In panels b—c, the red
dashed curves represent the data after passing a low-pass filter for smoothing.

features support that the COSMIC/GIS product qualitatively captured the RED event, which gives credence to

the analyses given in this subsection.

In principle, the slab thickness can also be estimated from TEC and GOLD image. The TEC (Figure 1) and
135.6 nm nightglow image (Figure 2) are both related to vertically integrated contents of ionospheric plasma.
While the former is simple line integral of electron density, the latter corresponds to that of the “squared” elec-

tron density. Note that square root of the 135.6 nm intensity is frequently used for a proxy of the F-region peak

density (e.g., Rajesh et al., 2011, Figure 8). An important point here is that the TEC and 135.6 nm nightglow

are not mutually redundant, and we may gain more information by combining the two. In Figure 7a, the red

trace over a geographic map indicates the white dashed reference line in Figure 2. The reference line is used
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for a representative 1-dimensional cut of the RED. Figures 7b and 7c present the TEC and 135.6 nm nightglow
resampled along the reference line, respectively. The thin red dashed curves over-plotted in Figures 7b and 7c
are the smoothed profiles with a second-order 9-point Savitzky-Golay filter. The RED region is highlighted with
red shading. In Figure 7d, the ratio between TEC and the square root of 135.6 nm nightglow is presented. If we
accept that the latter is proportional to the F-region peak density (e.g., Rajesh et al., 2011), the ratio in Figure 7d
can be qualitatively deemed as the ionospheric slab thickness as defined by (Huang et al., 2016, Equation 2). The
ratio is higher near the center of the RED than outside, which implies that the RED may have increased the slab
thickness. In other words, the vertical profile of ionospheric density has a broad peak at the center of the RED
and is sharper outside. In Figure 7d, the estimated slab thickness parameter increased from 3.5 to 5.5, that is, by
about 57%. The relative increase roughly agrees with the results from COSMIC-2/GIS in Figures 5 and 6 (i.e.,
44%-70%) and enhances the reliability of each other.

Note that we use only one GOLD map about 1 hr after the launch, a part of which is even contaminated by
daylight. Therefore, the discussions on the slab thickness estimation from TEC and GOLD data should be further
confirmed in the future with more RED events. Nevertheless, the approach described in this subsection demon-
strates a new way of synergistically combining GOLD nighttime 135.6 nm measurements with TEC maps.

4.2. Density Spectra of the RED

In general, ionospheric density gradients are able to incur secondary smaller-scale irregularities: For example, see
(Huba & Joyce, 2007, and references therein) and Sato et al. (2021). This subsection is dedicated to the question
as to whether RED can also promote smaller-scale substructures. If it is actually the case, small-scale (smaller
than the RED size) density fluctuations would be stronger within RED than in the neighborhood.

As Norsat-1 provides high-resolution plasma data (up to ~1 kHz), we analyze their spectra in this subsection.
Figure 8a presents Norsat-1/mNLP probe current (blue curve), which was shown as a proxy for plasma density
in Figure 1, with the spacecraft GLAT (orange solid line) and GLON (orange dashed line) at its original altitude.
The RED region is highlighted with a red rectangle. We apply the Welch's method (e.g., Ivarsen et al., 2019) to
the probe current with a 1 min moving window stepping forward by 5 s. The resultant spectrogram is shown in
Figure 8b. The 1 min window size corresponds to ~500 km along the Norsat-1 track, which is smaller than the
RED size. Hence, the spectrogram in Figure 8b generally represents scale sizes smaller than the RED, that is,
substructures of RED. Note that the constant-frequency lines at multiples of ~1 Hz are artifacts coming from the
instrument and spacecraft bus.

Figure 8b shows that the power spectral density (PSD) is generally lower within the RED than outside. The PSD
decrease from ~02:49:30 UT appears to start prior to RED in Figure 8a. However, this apparent contradiction is
due to the 1 min window size used for PSD estimation: for example, even if RED in Figure 8a started at 02:50 UT,
it can affect PSD for the 1 min window at, for example, 02:49:10-02:50:10 UT. The PSD within RED is lower at
earlier times (around 02:50 UT; poleward edge) than later (around 02:54 UT; equatorward edge). The conspicuous
PSD depletion near 02:50 UT (Figure 8b) is not coincident with the minimum plasma density (near 02:52 UT in
Figure 8a). The latitudinal offset between the PSD depletion and the plasma density minimum can be interpreted
as the distribution of natural ionospheric irregularities, which are superposed on the RED-induced PSD trends.
According to the ionospheric climatology in (Aol et al., 2020, Figure 6), nightside irregularities in this region
(around Florida) and season (near September equinox) generally become stronger with decreasing latitudes. Simi-
lar latitude dependence can actually be seen throughout Figure 8b: For example, compare the PSD at 02:48 UT
with that at 02:56 UT. We speculate that the latitude dependence of natural irregularities is superposed on the
RED-induced PSD weakening, which leads to the latitudinal offset of the PSD minimum from the RED center. To
say the least of it, we can argue that PSD inside the RED is overall lower than in the neighborhood. The low PSD
could imply that the RED did not promote secondary instabilities for substructuring. It is also possible that density
gradients caused by the RED did initiate secondary instabilities, but in the absence of an ongoing irregularity
source mechanism, the free energy was quickly dissipated into the surrounding plasma. Since NorSat-1 passed the
RED 3.5 hr after the relevant rocket launch, we cannot distinguish between the two interpretations.

Spectral slopes, that is, the steepness of each spectrum in the log-log space (e.g., Ivarsen et al., 2019), are given
in Figure 8c. The 2 black horizontal lines in Figure 8b represent the scale size range used for slope evaluation
(4-60 km). The range is conservatively chosen because PSD decreases significantly for scale sizes shorter than the
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Figure 8. Spectral analyses of high-resolution Norsat-1/multi-needle Langmuir Probe data. The top panel presents probe
currents (blue curve: Representing plasma density), geographic latitudes (orange solid line), and geographic longitudes
(orange dashed line). The middle panel shows a spectrogram of the probe current with a 1 min moving window. In the bottom
panel we give spectral indices (i.e., steepness of the spectra in the log-log space: See Ivarsen et al. (2019) for details) for the
scale size range of 4-60 km. The rocket exhaust depletion is highlighted with a red rectangle.

4 km and is likely to be affected by noise. The spectral indices in Figure 8c increase inside the RED, which means
softer spectra. In other words, irregularity weakening within the RED decreases with scale size; smaller-scale
fluctuations are more severely damped. In summary, the RED accommodated weaker substructures (Figure 8b)
and softer spectra (Figure 8c) than the ambient did. The results may be attributed to the following two facts: (a)
As mentioned earlier, the RED does not seem to support enduring secondary instabilities that might inject new
fluctuation energy, and (b) without energy injection, natural dissipation of ionospheric irregularities is faster for
smaller scales (e.g., Ivarsen, St. Maurice et al., 2021, Equation 1).

However, note that NorSat-1 passed the RED 3.5 hr after the rocket launch, during which plasma inside and
outside the RED region can be affected by other natural variabilities. All the quantitative discussions given above
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should be confirmed by future studies with more RED events. Still, we can at least argue that the RED did not
host substructures that are stronger and longer-lasting than those in the ambient plasma.

5. Summary and Conclusion

On 30-31 August 2020, a rocket was launched from Cape Canaveral, Florida and created plasma depletion as
expected. The event lasted for more than 3 hr so as to be observed by multiple instruments. The combined obser-
vations revealed the following characteristics of the nighttime RED, which have been previously unexplored.

1. (FUV nightglow) The RED was observed by GOLD as 135.6 nm nightglow depletion.

2. (FAC and electron/ion temperature) The RED induced little changes of FAC or electron/ion temperature.

3. (diamagnetic effect) The RED enhanced magnetic field strength by about 0.3 nT. The magnetic deflections
qualitatively agree with the diamagnetic effect, but are stronger in magnitude than simple calculations with
only plasma density change. The quantitative discrepancy suggests a possible decrease of neutral pressure
inside RED or pressure imbalance between the RED and the ambient plasma.

4. (slab thickness) According to COSMIC-2/GIS assimilation product, ionospheric slab thickness increased at
the center of the RED by about half. This result is supported by the ratio between TEC and square root of the
135.6 nm intensity, which is a proxy of the slab thickness.

5. (RED density spectra) PSD analyses reveal that the nighttime RED did not host substructures that are stronger
and longer-lasting than those of the ambient plasma.

6. (TEC versus in-situ plasma density). In-situ plasma density measured by LEO satellites near the RED quali-
tatively agrees with the corresponding TEC changes at the field-aligned footprints.

The results demonstrate the usefulness of GOLD and COSMIC-2/GIS in monitoring RED (and other natural
irregularities) in multiple dimensions. The data sets can complement more conventional measures like TEC
maps, ground-based all-sky cameras, and in-situ plasma diagnoses by LEO satellites. As GOLD regularly moni-
tors one of the world's busiest launch sites, Cape Canaveral, we can continuously accumulate new information
on RED, especially when GOLD is coordinated with other contemporaneous probes, such as COSMIC-2 and
Swarm constellations.

Also, GOLD dayglow images of rocket launches are worth investigating in the future. Previous studies using
FUV dayside disk images, some of which were already mentioned in Section 1, reported that the Lyman-alpha
(121.6 nm) is enhanced at rocket exhaust. However, daytime rocket signatures in the GOLD wavelength range
(132-162 nm) are largely unknown to the community. As the dayside 135.6 nm emissions are not solely repre-
sentative of ionospheric plasma contents (e.g., Kil et al., 2013), RED signatures would not be directly seen. Still,
because GOLD observes the same place multiple times, contributions of RED may be extracted from dayglow
images by carefully devised methods for increasing signal-to-noise ratio.

Data Availability Statement

The data used for this study are available at the following web pages: (a) GOLD: https://gold.cs.ucf.edu/data/
search/, (b) Madrigal TEC: http://cedar.openmadrigal.org/openmadrigal, (c) Swarm: https://swarm-diss.
eo.esa.int/#swarm, (d) COSMIC-2/IVM: https://data.cosmic.ucar.edu/gnss-ro/cosmic2/postProc/level2/, (e)
COSMIC-2/GIS: http://formosat7.earth.ncku.edu.tw/, and (f) Norsat-1: http://tid.uio.no/plasma/norsat/data.php.
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