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Abstract

Travelling ionospheric disturbances (TIDs) and their neutral counterparts known as travelling atmospheric disturbances (TADs)
are believed to play a central role in redistributing energy and momentum in the upper atmosphere and communicating inputs
to other locations in the fluid. While these two phenomena are believed to be connected, they may not have a one-to-one
correspondence as the geomagnetic field influences the TID but has no direct impact on the TAD. The relative amplitudes of
the perturbations seen in the ionosphere and atmosphere have been observed but rarely together. This study reports results
from a three-day campaign to observe TIDs and TADs simultaneously over a broad latitudinal region over the eastern United
States using a combination of GOLD and a distributed network of ground based Global Navigation Satellite System (GNSS)
receivers. These results demonstrate that GOLD and the ground-based total electron content (TEC) observations can see the
atmospheric and ionospheric portions of a large-scale travelling disturbance. The phase difference in the perturbations to the
GOLD airglow brightness, O/N2 and thermospheric disk temperature are consistent with an atmospheric gravity wave moving
through this region. The ionospheric signatures move at the same rate as those in the atmosphere, but their amplitudes do not
have a simple correspondence to the amplitude of the signal seen in the atmosphere. This campaign demonstrates a proof-of-
concept that this combination of observations is able to provide information on TIDs and TADs, including quantifying their

impact on the temperature and chemical composition of the upper atmosphere.
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Key points
1. Coordinated observations of atmospheric waves from GOLD and ionospheric TEC

perturbations are presented

2. Perturbations consistent with a large-scale wave are seen moving horizontally at the same

rate in both datasets
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3. The amplitude and phase relationship between atmospheric and ionospheric parameters is

not always clear

Abstract

Travelling ionospheric disturbances (T1Ds) and their neutral counterparts known as travelling
atmospheric disturbances (TADSs) are believed to play a central role in redistributing energy and
momentum in the upper atmosphere and communicating inputs to other locations in the fluid.
While these two phenomena are believed to be connected, they may not have a one-to-one
correspondence as the geomagnetic field influences the TID but has no direct impact on the
TAD. The relative amplitudes of the perturbations seen in the ionosphere and atmosphere have
been observed but rarely together. This study reports results from a three-day campaign to
observe TIDs and TADs simultaneously over a broad latitudinal region over the eastern United
States using a combination of GOLD and a distributed network of ground based Global
Navigation Satellite System (GNSS) receivers. These results demonstrate that GOLD and the
ground-based total electron content (TEC) observations can see the atmospheric and ionospheric
portions of a large-scale travelling disturbance. The phase difference in the perturbations to the
GOLD airglow brightness, O/N, and thermospheric disk temperature are consistent with an
atmospheric gravity wave moving through this region. The ionospheric signatures move at the
same rate as those in the atmosphere, but their amplitudes do not have a simple correspondence
to the amplitude of the signal seen in the atmosphere. This campaign demonstrates a proof-of-
concept that this combination of observations is able to provide information on TIDs and TADs,
including quantifying their impact on the temperature and chemical composition of the upper

atmosphere.
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Plain Language Summary

Waves are a ubiquitous feature of the Earth’s atmosphere. Just as with waves on the surface of
water, these act to transport energy and momentum from the region in which they are produced
to other parts of the fluid. A specific type of these waves in the upper atmosphere, often with
spatial scales of hundreds to thousands of km, are known as travelling atmospheric disturbances
(TADs). A signature that is often associated with these TADs is seen in the charged particle
environment around the Earth, that are referred to as travelling ionospheric disturbances (TIDs).
While it is widely accepted that TADs and TIDs are related, the exact relationship between their
amplitudes and other quantities is not well established. This paper describes a campaign during
which observations of the atmosphere (from NASA’s GOLD mission) and charged particles
(from ground-based observations) are combined in order to identify the relationship between the
TAD and TID parameters. The GOLD observations of the upper atmospheric temperature,
composition and its emissions are all consistent with what is known about TADs. At the same
time, the ground-based observations of the charged particles reveal a TID that moves at the same

speed as the TAD.

1. Introduction
Atmospheric gravity waves are believed to play a key role in redistributing energy and
momentum within the Earth’s atmosphere and communicating impacts in one region to
physically distant locations. In the thermosphere, gravity waves are believed to be a key
component of the wave spectrum that is present, and can significantly impact this region through

dissipating momentum, generating mixing, local heating and flux of heat and minor constituents
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(e.g. Yigit & Medvedev, 2015). Many of the gravity waves seen in the thermosphere are believed
to have propagated up from the lower atmosphere (as both primary and secondary waves, e.g.
Vadas & Fritts, 2006; Vadas & Liu, 2009; Yigit et al., 2014), while others are believed to have
been generated at thermospheric altitudes through processes such as Joule heating in the auroral
regions (e.g. Richmond, 1978) and the solar terminator (e.g. Galushko et al., 1998). During
geomagnetic storms, particularly large amplitude gravity waves may be generated by impulsive

heating of the atmosphere at high-latitudes (e.g. Shiokawa et al., 2007).

Atmospheric gravity waves are often described alongside their ionospheric counterparts, where
the former is referred to as travelling atmospheric disturbance (TAD) and the latter as a
travelling ionospheric disturbance (TID). TIDs are typically grouped into two categories
according to their horizontal wavelengths / spatial sizes. Large-scale TIDs are typically classified
as having wavelengths over 1,000 km. Large-scale TIDs are often believed to be accompanied by
TADs generated in the auroral regions (e.g. Bruinsma et al., 2006). Medium-scale TIDs are
typically classified as having horizontal wavelengths in the 100 — 1,000 km range. These
medium-scale TIDs are believed to often be accompanied by TADs generated in the lower
regions of the atmosphere (e.g., Azeem et al., 2017), while others are not (especially at mid-

latitude during the night).

Surveys of both atmospheric and ionospheric observations have revealed that TIDs/TADs are
present under almost all conditions, at some amplitude. At the mid-Ilatitudes that will be
considered in this study, results such as Livneh et al., [2009] have revealed TID-like fluctuations

in the ionosphere that are omnipresent, with periods in the 30 — 60-minute range. Tsugawa et al.,
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[2007] presented an analysis of ground-based total electron content (TEC) variations, showing
abundant waves with horizontal wavelengths in the 300 — 1000 km range over North America,
consistent with medium-scale TIDs. Recently, Tsuchiya et al., [2020] used 10 years of ground-
based observations from a variety of sites and found a variation in the horizontal wavenumber
spectrum observed with location. Mandal and Pallamraju (2020) also identified that the vertical
propagation of gravity waves in the thermosphere varies with season at low-latitudes, which may
impact the ability of some waves originating the lower atmosphere to form TAD and TID

perturbations.

Direct observations of TADs are relatively rare, compared to the broad survey ionospheric data
such as ground-based TEC that have permitted extensive studies of TIDs. In situ atmospheric
observations of TADs are most commonly available in the upper thermosphere where sustained
spaceflight is possible (e.g., Bruinsma & Forbes, 2008; Garcia et al., 2016; Park et al., 2014). A
large fraction of the observations at altitudes below these orbital altitudes come from
observations of TIDs, from which the existence and properties of a TAD are inferred (e.g. Djuth
et al., 2010; Galushko et al., 1998). Negrea et al., [2016] used an extensive ionospheric dataset
and established that the TID characteristics seen were consistent with the theoretical properties
of acoustic gravity waves. Concurrent ion and neutral observations of waves have been made in
situ (e.g., Earle et al., 2008; Paulino et al., 2018) which have demonstrated that the TIDs are
often a good proxy for the TAD. Given that TID observations are readily available and that they
are often used to infer the TAD, further study of the relationship between these two using

simultaneous observations is of importance and will be the focus of this study.
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NASA’s Global-scale Observations of the Limb and Disk (GOLD) mission of opportunity
provides measurements of the middle thermosphere over the daylit disk of the Earth visible from
geostationary orbit over the Amazon river delta (Eastes et al., 2017). It has been demonstrated
that by using a dedicated campaign mode, GOLD is able to observe TADs as they move through
this region (England et al., 2020). This provides thermospheric measurements over a latitudinally
broad region which, when combined with distributed ground-based ionospheric observations,
offers an opportunity to examine the relationship between TIDs and TADs over low to mid-
latitudes. England et al., [2020] presented results of an extremely limited (6 hour) campaign that
took place during the commissioning phase of the GOLD instrument. The selection of the
viewing location on the disk meant that virtually no ground-based data were available during this
campaign. Here we report results of a follow-on campaign that built upon lessons learned and
focused on establishing how well we can compare the TADs observed by GOLD to TIDs seen in
ground-based TEC observations. Key changes to the campaign setup will be described in more
detail in the next section, but include: 1) extending the duration from one to three days; 2)
providing overlap with ground sites; 3) identification of perturbations to both the N, airglow and
the temperature of the middle thermosphere, which provide substantially more data with which

to characterize the waves present.

2. Experimental Setup and Data Used
This section will discuss the observational campaign performed by GOLD, and its associated
data; the geophysical conditions present during the campaign; and the ground-based TEC data

used to provide larger-scale context and daytime ionospheric parameters.
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2.1 Experimental setup
GOLD is a 2-channel far-ultraviolet (FUV) imaging spectrometer that observes the Earth from
onboard the SES-14 geostationary communications satellite, which is located at -47.5° longitude
(Eastes et al., 2017; McClintock et al., 2017; Eastes et al., 2019). During regular operations,
when GOLD’s Field of View (FOV) is illuminated by the sun, the instrument scans the disk of
the Earth, building up an image of the Earth’s full disk with a 30-minute cadence. GOLD makes
observations between ~134 and 167 nm, which allows identification of the prominent dayglow
features of O at 135.6 nm and LBH bands of N. While the ratio of the brightness of these two
features conveys information related to the composition of the thermosphere (column O/N;
ratio), the shape of the N, LBH emission bands can be used to determine the temperature of the
thermosphere. During October 2019, Channel B of the GOLD instrument was used to perform a
special mode campaign, designed to identify the impacts of atmospheric waves on the middle
thermosphere and their relation to similar fluctuations in the ionosphere. This basic experimental
setup follows that described in England et al. [2020], but with several important changes. The
prior campaign demonstrated that GOLD is able to detect wave-like signatures in the airglow
when it changes from regular operations in which it scans the Earth’s disk, and instead stares at
one location (one near vertical line as shown in Figure 1) for several hours. This staring has the
effect of increasing the signal by a factor of over 100 times compared to the scanning mode
while sacrificing the instrument’s ability to continue regular data collection. To both meet this
need for a non-scanning mode, and not interrupt the regular GOLD data collection, a single
channel of the instrument (Channel B) was used for this campaign. As regular operations were
not interrupted, this enabled a longer campaign, spanning 3 consecutive days (October 17 — 19",

2019), with campaign data taken with Channel B from 12:30 — 20:00 hours UTC. In the initial
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campaign described by England et al. [2020], the availability of both GOLD channels allowed
for the identification of the wave propagation direction, velocity and wavelength. With only a
single channel, this is not possible. To both meet this need and provide information on any
ionospheric perturbations that were not available during the initial campaign, concurrent data
from ground-based observatories was considered when designing this campaign. By positioning
the Channel B slit off-nadir, centered on the United States East Coast region, many sites
observing TEC using GNSS radio signals are available and fill both needs described above.
Figure 1 shows the location of the observations from Channel B that will be the focus of this

study. All of these are Level 2, version 2 GOLD data (available from https://gold.cs.ucf.edu).

Figure 1 Location of the GOLD Channel B observations during the campaign. A purple plus
symbol marks the location of each of the 376 data bins along the length of the image. The light

blue dots show the locations of the GPS dTEC data included in this study.

2.2 GOLD Airglow Brightness
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To determine the fluctuations in the airglow brightness, this study uses the Level 1b (L1b) data
from the GOLD instrument, which are described in the Data Products Users Guide (see
https://gold.cs.ucf.edu). The L1b files are available for this campaign at 2-minute cadence and
provide the spectra in instrument counts vs wavelength and latitude. The L1b processing includes
geometric corrections for the detector and optics, filtering of the counts based on the detector
pulse heights, a correction based on the detector deadtime (maximum count rate) and data are
binned on a regular wavelength scale. England et al., [2020] also used the Level 1c data, which
provide the calibrated brightness in Rayleighs, but at both a lower temporal cadence (10 minutes)
and much lower spatial resolution (125 x 125 km?). From that prior study, it is evident that the
perturbations to the airglow are relatively small in amplitude (below 1%) and are more easily

seen in the L1b data that we will use here.

2.3 GOLD Disk Temperatures
GOLD makes measurements of the thermospheric temperature by observing the shape of the N,
LBH bands in the ~137 — 160 nm wavelength range (see Eastes et al., 2017). This technique was
first demonstrated by Aksnes et al., [2006] using limb observations from the High-resolution
lonospheric and Thermospheric Spectrograph (HITS) on the Advanced Research and Global
Observation Satellite (ARGOS). The LBH emission provides information on the neutral
temperatures in the middle thermosphere, with the maximum weighting to an altitude around 160
km (i.e. near the altitude of peak emission). Here we consider these disk temperature data, which
are Level 2 products. For the disk scanning mode (e.g. Figure 1) these are available at a 30
minute cadence, but for Channel B these are available at a 10 minute cadence, with a resolution

corresponding to 40 spatial pixels along the slit for which temperature can be derived (emission
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angle constraints prevent determining temperatures very close to the limb as seen in Figure 1b).
At the higher count rate per spatial-temporal bin that is obtained during the special mode

campaign, the average random uncertainty per bin is 9.4 K (discussed further in Section 3.3)

2.4 GOLD Column O/N; Ratios
GOLD makes measurements of the thermospheric column O/N; ratio by observing the ratio of
the brightness of the 135.6 nm O doublet to the brightness of the N, LBH band in the ~137 — 160
nm wavelength range (see Eastes et al., 2017). Use of disk observations of these emissions to
determine the thermospheric column O/N; ratio was first demonstrated by Strickland et al.,
[1995] and has been widely used with data such as from TIMED-GUVI (e.g. Zhang et al., 2004).
The O/Nj ratio is indicative of the ratio of the column density of these two species from infinity
down to an altitude corresponding to an N, column density of 10*" cm™, which is typically
around 140 km. Here we use the GOLD Level 2 O/N, data. These are available at the same

resolution and cadence as the disk temperatures described above.

2.5 Differential TEC
Ground-based estimates of TEC from GNSS radio signals are routinely produced using
algorithms developed at MIT Haystack Observatory (Rideout and Coster, 2006; Vierinen et al.,
2016). Previous studies have used these data to identify travelling ionospheric disturbances,
which have revealed that this is most easily detected in differential TEC (dTEC) values, rather
than the absolute TEC values (e.g., Zhang et al., 2019). Following the methodology in Zhang et

al., [2019], we adopt a cut-off elevation angle of 30°, below which ground-satellite ray paths are
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excluded. Differential TEC values are computed by first removing the background TEC using a

low-pass Savitzky-Golay filter (Savitzky and Golay, 1964). This de-trending analysis is applied

to each of the TEC data segments of individual line-of-sight measurements between a GNSS

satellite and a receiver. Examples of these data are shown in Figure 2 as functions of time and

latitude at three different longitudes around the GOLD observations. The GOLD slit near 40°

north is around 77° west.
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Figure 2 Global Navigation Satellite System differential TEC (dTEC) for October 18, 2019 as

functions of latitude and universal time. The range of longitudes included is indicated in panels a
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through c. The overlaid black lines in panel b mark locations of local maxima used to find the

approximate latitudinal phase velocity of the features seen, as described in the text.

2.6 Geophysical Conditions
The F10.7 index (available from NASA’s OMNIWeb at https://omniweb.gsfc.nasa.gov) is
between 64 and 66 throughout the three days of the special mode campaign, representing
extremely low and steady solar EUV flux values. Of more note is the impact that any heating of
the thermosphere associated with the auroral electrojet may have, as this is believed to be a
major source of TADs (e.g. Shiokawa et al., 2007). Figure 3 shows the 1-minute SME auroral
electrojet index from SuperMAG (Newell and Gjerloev, 2011; Gjerloev, 2012) for October 17"
through 19", 2019. The overall SME index is moderate throughout, but it is worth noting that
there is a slightly elevated electrojet on the third day, both before and during the hours of the

daytime thermospheric observations.

800

SME index, nT

Day in October 2019

Figure 3 One-minute SME Auroral Electrojet Index for the 3 days of the campaign during
October 2019. The time-periods corresponding to the GOLD observations are highlighted with

the yellow shaded regions.
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3. Method and Results
This section describes the analysis of each dataset, starting with the differential TEC which is
used to guide the analysis of the GOLD airglow and temperature data. The middle day of the
campaign (October 18™, 2019) will be shown throughout to demonstrate the methodology, and

results from all three days, combining all three datasets are shown in Figure 6.

3.1 Differential TEC
Given the elevation angle constraint described in Section 2.4, the dTEC data are confined to the
land and coastal regions. As seen in Figure 1, the GOLD observations cross over the land and
ocean. The greatest overlap in the available data between the TEC and GOLD observations
occurs over the east coast of the United States, corresponding to the latitude range of 75 — 80°
west shown in panel b of Figure 2. This region overlaps the GOLD FOV well from around 35 -
50° north. Further north, there is very little dTEC data available, and further south the GOLD
FOV lies further to the east (see Figure 1). Hence, we will focus primarily on the variations seen

in this latitude band at this time.

As noted in previous studies, the dTEC observations often reveal wave-like oscillations
associated with TIDs. Many of these are evident in Figure 2, with different propagation
directions and periods. Focusing on the latitude region from 35 — 50° north, clear features are
seen near 18- and 22-hours UT moving in a southward direction in all 3 panels (highlighted in
panel b), with a third feature around 14 hours UT visible in panels a and b. As these features are

clear in all 3 panels and appear to be the strongest observed, we will focus on these. Using the
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data shown in all 3 panels, it is possible to estimate the phase speed of the TID seen. This is done
in four steps. 1) Points close to the positive phases of the wave are identified by eye, and these
are used as initial inputs. 2) Data for 1 hour around each location are then chosen. 3) A cubic-
spline interpolation to these values is used to provide data at regular spacing and the local
maxima is identified. 4) The results of step 3 are compared to the location of the maximum value
in the data from step 2 to ensure the results of step 3 are not numerical artifacts. A least-squares
linear fit to these is used to determine an estimate of the latitudinal phase velocity of this TID at

~7°/hour (shown with the solid black lines in panel b).

Leveraging the other available dTEC data in panels a and c, it is possible to identify the
horizontal wavelength and phase velocity of the observed TID. This is done by using the
observations from the 3 longitudes shown, and assuming that the wave has plane wavefronts.
The phase difference between the 3 longitudes provides information on the azimuth of the wave
phase velocity. In this case we see no appreciable difference, indicating the wave propagation
direction is nearly due south. With this, and estimating the dTEC observations to be coming from
around 300 km altitude and above, 7 degrees/hour corresponds to a phase speed of ~210 m/s.
The wavelength estimated in this way are within the range of large-scale TIDs reported
previously (see Section 1), although it is worth noting that the phase velocity identified is slow
compared to many larger-scale TIDs reported. The wave speed and heading are indicative of a
wave source in the auroral region, but a lower-atmospheric source or secondary gravity wave

remain other plausible possibilities.
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Clearly other wave features are seen in Figure 2. A full analysis of all of these is beyond the
scope of this study. Instead, we will focus on this clearest wave feature and investigate if a
corresponding signature in the atmosphere is observed simultaneously by GOLD. This will be
done in-part by using the propagation rate determined from the dTEC observations and
comparing this to that seen in the GOLD observations. This process will tend to identify the

features shown in panel b of Figure 2, and minimize any other wave features present.

3.2 GOLD Airglow Radiances
GOLD is able to see perturbations to the FUV airglow caused by atmospheric waves in the
middle thermosphere. To identify these perturbations, we follow the method of England et al.,
[2020], but here extend it to include the N, LBH bands, in addition to the Ol 135.6 nm doublet.
This is done in three steps. Step 1) Identify these two emission features and subtract any
background emission. Wavelength bins within the GOLD spectrum that correspond to the 135.6
nm doublet and the nitrogen band (including the atomic nitrogen line at 149.3 nm that responds
in a similar manner to the LBH bands; Zhang et al., 2018) are identified. These are highlighted in
Figure 4 by the light blue and yellow symbols. The brightness in each of these (measured in
Level 1b counts) is summed up at each spatial pixel and each point in time. To determine the
background level, wavelength ranges adjacent to these are used. These are highlighted in Figure
4 by the dark blue and purple symbols. The brightness in each of these is summed up and the
value subtracted from the in-band emissions found above (after normalizing for the number of
spectral bins). Step 2) Identify and remove the strong local-time variation associated with solar
zenith angle (note that the emission angle is constant for each pixel during this campaign). This

is done by fitting a third-order polynomial to the time-series of data for the two emissions



317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

identified above at each spatial pixel. The brightness variations associated with this low-order fit
are then removed. Step 3) Identify and remove any change in brightness that occurs at all points
along the disk simultaneously that are associated with small changes in solar EUV flux during
the day. The mean value of the brightness across the pixels on the image is found and removed
from the detrended data. The output of steps 2 and 3 is a residual signal with a mean value of
zero. Following England et al., [2020], we then reduce the extremely noisy 2-minute L1b
residual data with a 10-minute rolling median filter on the time-series at each spatial pixel. This
removes outlying high and low data points, while preserving a much higher temporal cadence
than the oscillations seen in the dTEC values in Figure 2 and Error! Reference source not

found..

10000 S e e o A

8000

6000

T T T I T T T I T T T

Counts

4000

I
\

2000

T T l T T T

NITER ™

‘ A o LIAAD A T .
ol ! Wid VN VYV el N D N N
135 140 145 150 155 160
Wavelength, nm

Figure 4 Example spectrum made from summing 100 Level 1b exposures from the GOLD data
from October 18, 2019. The light blue symbols highlight the region used to identify the atomic

oxygen feature and the dark blue highlight the corresponding background area. The yellow
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symbols highlight the region used to identify the nitrogen features and the dark purple highlight

the corresponding background area.

Figure 5 panels a and b show the detrended L1b values for the oxygen and nitrogen emissions,
respectively. The large variations in brightness seen at the very northernmost extent of the
GOLD data, above ~60° latitude could be associated with variations in the aurora that lies close
to the edge of the FOV, and therefore we will focus on the region equatorward of this. Similar to
the dTEC perturbations seen in Figure 2, fluctuations in the brightness in both oxygen and
nitrogen emissions are seen, which appear to move southwards with time. The amplitude of these
fluctuations is small compared to the mean brightness. In the case of the oxygen airglow, the
mean brightness on this day is 643 counts, whereas the fluctuations are ~10 counts, or ~0.4% of
the mean. This small amplitude is consistent with that reported by England et al., [2020]. It is
worth noting that the latitudes for which dTEC observations are available lie well away from the
equatorial anomaly, which avoids any impact this may have on either these or the 135.6 nm

airglow.

Given the low amplitude of the features observed, it is worthwhile determining the detection
limit of the GOLD instrument in this mode. Assuming that the 135.6 nm signal is dominated by
Poisson noise, 643 counts would give a per pixel signal-to-noise ratio of 25.4. Thus, a signal of
level 3.9 % would have a signal-to-noise ratio (SNR) of 1. To identify a signal as small as 0.4 %
with an SNR of 1, such a feature would need to be present in approximately 100 pixels. The data
shown in Figure 5 span 350 pixels in space and the wave-like features appear to fill the entire

observable latitude range, allowing for unambiguous determination of these features, despite the
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low amplitude signal. This will be especially important when considering the data in Figure 6,

where these data have been reduced to a single line-plot.

Comparing the variations in the oxygen airglow with those in the nitrogen, these fluctuations
appear to be out of phase with one another such that an increase in the brightness of the oxygen
airglow is approximately correspondent with a decrease in the brightness of the nitrogen airglow.
This is consistent with the effect of vertical advection, which tends to increase (decrease) oxygen
relative to nitrogen when such advection is downwards (upwards). To investigate this in a more
quantitative manner, Figure 5 panel ¢ shows the difference in the oxygen airglow and the
nitrogen airglow. As the amplitude of the fluctuation in the nitrogen appears lower everywhere
below the aurora, we multiply it by two and then subtract it from the oxygen perturbation. This
signature of the oxygen — nitrogen difference appears almost exactly in phase with the oxygen

airglow, confirming the out-of-phase relationship of the emissions from the two species.
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370  Figure 5 Perturbations to the airglow, composition and temperature observed on October 18,
371  2019. Panel a shows the perturbation in the oxygen airglow. Panel b shows the perturbation in

372  the nitrogen airglow. Panel ¢ shows the perturbation in the oxygen minus twice the nitrogen
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airglow to highlight the difference. Panel d shows the oxygen airglow minus twice the nitrogen
airglow, where the universal times at each latitude have been offset to correspond to the time at
47° latitude, using the latitudinal phase propagation rates derived from the dTEC data, as
described in the text. Panels e and f are as c and d, but for the column O/N; perturbations
derived from the oxygen and nitrogen airglow brightnesses. Panels f and h are as ¢ and d, but

for the perturbations in the disk temperature derived from the shape of the LBH band emission.

Visually comparing to Figure 2 it is not immediately clear if these are the very same fluctuations
as seen in dTEC or not. To investigate this further, we can establish if the perturbations are
moving at the same rate as those shown in Figure 2. This is done by shifting the GOLD data at
each latitude back to a reference at 47°, using the phase propagation rate found from the dTEC
data. The choice of 47¢ latitude is arbitrary, and simply falls within the range of good overlap
between GOLD and the dTEC values — the use of any other latitude would simply shift the epoch
for the horizontal axis. If the perturbations seen by GOLD are moving at the same rate as those
seen in the dTEC data, the result should show perturbations that appear vertical in this latitude —
modified universal time coordinate system. This is shown for the oxygen — nitrogen differences
in Figure 5 panel d. While the perturbations are not perfectly vertical in this figure, it is clear that
the airglow perturbations are moving in latitude at the same rate as those seen in dTEC,
supporting the hypothesis that the two datasets are seeing related features in the atmosphere and
ionosphere, respectively. The correspondence between each dataset in this shifted coordinate

system is explored in more detail in Section 3.5.

3.3 GOLD Disk Temperatures
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Having established that GOLD observes fluctuations in the brightness of the airglow that appear
to move with those seen in the TEC data, we now consider the GOLD observations of the
temperature of the middle thermosphere. As described in Section 2.3, these are available over a
slightly reduced region relative to the airglow brightness data, but still cover all of the latitudes
seen in the TEC data. As with the airglow brightness the temperature exhibits a strong local time
dependence, and so the same detrending procedure as described in Steps 2 and 3 in Section 3.2 is
applied to the temperature data. The resulting detrended temperatures are shown in Figure 5
panel g. It is clear that similar perturbations are seen in the temperatures as the airglow
brightness, but with some shift in the phase of the signature (approximately one quarter
wavelength). For the disk temperature data included in Figure 5, the average random uncertainty
per spatial-temporal bin is 9.4 K. The temperature perturbation seen appears to be around twice
this value, and also is present across many bins at once, yielding a relatively unambiguous
determination of this moving feature. Following the analysis described above, Figure 5 panel h
shows the temperature data that have been shifted using the rate from the dTEC data. This again
supports the hypothesis that the perturbation seen by GOLD is related to that seen in the dTEC

data.

3.4 GOLD Column O/N;
Given the variations seen in the oxygen and nitrogen airglow features described in Section 3.2, it
is expected that measurable changes in the column O/N, will be present during this campaign.
Using the Level 2 GOLD data provides an opportunity to determine the amplitude of this
variation and compare this to the signatures identified in the temperature and ionospheric

observations. As with the airglow brightness the O/N; exhibits a strong local time dependence,
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and so the same detrending procedure as described in Steps 2 and 3 in Section 3.2 is applied to
the O/N, data. The resulting detrended column O/N; are shown in Figure 5 panel e. These follow
a similar pattern to those in panels ¢ and d that show the differences in the brightnesses of the

oxygen and nitrogen airglow, as may be expected.

When interpreting such small changes in column O/N; derived from Far UV observations, it is
important to acknowledge that the 135.6 nm observations used to determine O/N, contain a small
contribution from O” radiative recombination, in addition to the photoelectron impact on O.
Using the dTEC observations, we can estimate the impact this may have, relative to the O/N;
perturbations reported here. First, we select a location corresponding to approximately the
middle of where the perturbations are seen (40° north, 77° east and 15 hours UT). At this
location, we use an ionospheric O density and electron temperature profile from IRI1-2016
(Bilitza, 2018) and the radiative recombination airglow coefficients from Meléndez-Alvira et al.
(1999) to estimate the total emission from O radiative recombination in this region to be ~19 R,
compared to the mean GOLD observed value of 1000 R. From the magnitude of the perturbation
seen in TEC, we can estimate that this O radiation recombination may vary by 1.7 R, or 0.17%
of the mean brightness. Comparing this to the observed variation in 135.6 (Section 3.2), which is
around 0.4 % of the mean, we see that this radiative recombination may account for a little less
than half of the total signal. This is consistent with a comparison of the signatures seen in the
dTEC and 135.6 nm observations, which appear similar but not identical as the 135.6 nm

signature is a mixture of the O and O" perturbations.

3.5 Correspondence between observed parameters
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For a more quantitative comparison of the three datasets, we make use of the UT shift shown in
Figure 5 to align all of the major perturbations such that they occur at all latitudes at
approxiomately the same shifted UT. This then allows us to average the signal over a range of
latitudes, which compensates for the relatively low magnitude of the perturbation in the airglow
brightness data. In effect, this emphasizes only the features moving at the rate of those shown in
Figure 2, but as described in Section 3.2, it increases the signal-to-noise ratio for those
signatures. A latitude range of 20 — 50° is chosen as the perturbations are clear throughout this
region, and all datasets have good coverage throughout this latitude range. Figure 6 shows the

results of this for all three days of the campaign.

Examining Figure 6 panels a, e and i, a clear antiphase relationship is seen between the oxygen
and nitrogen airglow. This is further verified by examining Figure 6 panels b, f and j, which
show that the perturbations in the retrieved column O/N; look extremely similar to the variations
in the oxygen airglow brightness. This signature is a clear sign of vertical advection, which in
combination with the different altitude distributions of oxygen and nitrogen in the middle
thermosphere, acts to increase the column abundance of one of these relative to the other. The
oscillatory nature of the signatures would also be consistent with this advection being caused by

anatmospheric wave moving through this region.

Examining Figure 6 panels c, g and k we see the relationship between the oxygen ariglow and
temperature perturbations. While not perfect, a clear relationship between the two is apparent.
Rather than a simple in phase or out- of phase relationship, the positive and negative

perturbations in the temperature appear to lag those seen in the oxygen airglow brightness by
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approximately one quarter of the wave period. This phase relationship is consistent with an
atmospheric gravity wave propagating southwards with time, where we may expect to see the
increase in atomic oxygen that is associated with downward advection one quarter wave period

before the increased temperatures (e.g. Andrews et al., 1987).

Examining Figure 6 panels d, h and | the relationship between the perturbations in the oxygen
airglow brightness and dTEC is less clear. Nontheless, some features appear in common,
especially on the first two days of the campaign. On these two days, the increases in dTEC and
oxygen airglow brightness appear to be roughly in phase, although the amplitudes of the
perturbations do not appear to have a simple correspondence such that sometimes a large
increase in airglow is seen at the same time as a small increase in dTEC, and vice versa. It is also
worth noting that the rate of motion of the signatures seen in dTEC, airglow brightness, column
O/N; and disk temperatures are all approximately the same (the rate of motion in dTEC is used

to detrend all datasets into the shifted UT frame used here).

The following section will explore the consistency between the magnitude of the neutral
atmosphere feature seen with our understanding of the oxygen airglow. For this, we note from
Figure 6 the typical magnitudes seen in these parameters. From Figure 6 panels a, e and i we see
a typical amplitude of the oxygen airglow brightness of 2.5 counts, compared to a mean value of
640 counts, which corresponds to ~0.4 %. From panels ¢, g and k we see a typical disk
temperature amplitude of 13 K (compared to a mean temperature of 710 K). The correspondence

of these will be examined in the next section.
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Figure 6 Panels a through d show the mean perturbation in the 135.6 nm airglow compared to
the LBH airglow, column O/N,, disk temperatures, and dTEC perturbations respectively. All
data are averaged over 20 — 50° latitude, and are shifted in UT to a common value at 47° north
as in Figure 5. Panels a through d correspond to the results for October 17, 2019. Panels e
through h show the same as a through d, but for October 18, 2019. Panels i through | show the
same as a through d, but for October 19, 2019. In each panel, the red line corresponds to the
oxygen airglow. The airglow values are in counts. The disk temperatures are in K and are
multipled by 0.2 to be visible on this scale. The column O/N; are dimensionless ratios and are
multipled by 200 to be visible on this scale. The dTEC values are in TECu and are multiplied by

20 to be visible on this scale.

For a more quantitative assessment of the correspondence between the various parameters shown

in Figure 6, we examine the relationship between sets of these parameters. This is done in the



503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

following steps: 1) interpolate all quantities onto a common 10-minute temporal cadence (to
match the lowest cadence) using a cubic-spline interpolation; 2) shift the temperature data by 1
hour, corresponding to the apparent one-quarter wave period shift seen in Figure 6; 3) plot
corresponding pairs of data in the scatterplots shown in Figure 7; 4) as all perturbations are
extremely small we can expect an approximately linear relationship between different quantities,
which is found with a least-squares fit to the data in Figure 7 (shown by the pink solid lines); 5)

compute the coefficient of determination (R?) value for each set of parameters shown.
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Figure 7 Correlations between the perturbations in the oxygen and nitrogren airglow brightness,
disk temperatures, column O/N, and dTEC for October 18 2019 data shown in Figure 6. Panel a
shows the nitrogen airglow brightness vs the oxygen airglow brightness. Panel b shows the O/N,
ratio vs the nitrogen airglow brightness. Panel ¢ shows the nitrogen airglow brightness vs the
disk temperature. Panel d shows the dTEC vs the oxygen airglow brightness. All datasets have

been interpolated onto a 10-minute cadence, and the temperature data were shifted by 1 hour,
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corresponding to approximately one quarter wave period. The pink lines show the least-squares
linear fits to each pair of data. Coefficients of determination for each of these linear fits are

shown.

Examining panel a of Figure 7, we see the near anti-phase relationship between the oxygen and
nitrogen airglow brightness perturbations that is expected from the earlier results. The best-fit
linear trend shows a reasonable, but certainly not perfect agreement with the data, with a
coefficient of determination of 0.56. Given this, it is worth considering how closely we may
expect the fit to be to the data. From Section 3.2, we can tell that a signal with the apparent
amplitude of that observed would have a SNR per 10-minute bin of approximately 3 for the
oxygen airglow and approximately 2 for the nitrogen airglow. Also, it is worth noting that these
estimates assume the signal is present across the entire latitude range selected (which appears to
be the case based on Figure 5), and that the features moving at the rate determined from the
dTEC perturbations characterize the only airglow perturbations present. This latter condition is
likely not the case, based on Figure 2. With these two factors taken into consideration an R

value of no more than about 0.56 may be expected.

Examining panel b of Figure 7, we see the expected good anticorrelation between the column
O/N; ratio and the nitrogen airglow brightness. The higher R? value of 0.7 suggests that any
impact of O" radiative recombination in the determination of column O/N, perturbations does

not have a significant impact on the pattern of O/N, perturbations that are found.
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Examining panel ¢ of Figure 7, we see some anticorrelation between the nitrogen airglow and the
time-shifted disk temperature perturbations. While the R? value of 0.43 reflects a somewhat poor
fit, no correspondence between these parameters is seen with the 1-hour time shift in the
temperature data (R? value of 4x107 in this case). This confirms that the apparent one-quarter

period shift expected by theory and seen in Figure 6 is a reasonable fit to the data.

Finally, examining panel d of Figure 7, we see some positive correlation between the oxygen
airglow and the dTEC perturbations. The low R? value of 0.33 reflects what was noted in regard
to Figure 6, that the perturbations in the ionosphere do not simply look like those in the neutral

atmosphere, although they are apparently moving southwards at the same rate.

3.6 GLOW Model Results

Following England et al., [2020] it is possible to use the magnitude of the oxygen airglow
brightness perturbation to estimate the amplitude of the underlying atmospheric perturbation.
With the addition of the disk temperature data included in this study, we can also establish how
consistent the estimated atmospheric perturbation is with the variation in the brightness of the
airglow seen. Following Greer et al., [2018], we use the thermosphere-ionosphere-
electrodynamics GCM (TIEGCM v2.0; Maute, 2017) model to provide information on the
background atmosphere, onto which sinusoidal perturbations are applied that modify the
atmospheric density and temperature in the middle thermosphere, as described in Section 2 of
Greer et al., [2018]. We then use the Global Airglow model (GLOW; Solomon, 2017) to
simulate the 135.6 nm O airglow GOLD would observe at 45° north and 80° west, for the given

geophysical and solar conditions corresponding to October 18, 2019. By varying the amplitude



563  of the induced perturbation, we can find the amplitude of a wave in the middle thermosphere that

564  would produce a perturbation in the airglow of the same amplitude as observed by GOLD.
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568  Figure 8. The ~0.4% amplitude of the oxygen airglow perturbation noted in the previous section
569 s consistent with an atmospheric temperature perturbation of around 22.4 K. To compare this
570  with the observed disk temperatures, it is necessary to acknowledge that the amplitude of any
571  realistic gravity wave perturbation will vary with altitude, and the 22.4 K value reported here
572  refers to the perturbation at 150 km altitude, close to the peak of where the disk far-UV airglow
573  originates. This is illustrated in more detail in Figure 9, which reproduces the atmospheric

574  perturbations used and the airglow perturbation from GLOW that results. The variation in the
575  wave amplitude and phase with altitude matches that used in Greer et al., [2018]. The amplitude
576  of the temperature perturbation varies from around 12 K near 130 km to almost 36 K near 175
577  km. Similarly, the corresponding neutral density perturbation varies across this region, and has a

578  value of 2.15 % at 150 km altitude.
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Figure 8 Results of the GLOW airglow simulations of the O 135.6 nm doublet at 45° north and
80° west for the geophysical conditions on October 18, 2019. The amplitude of the simulated
airglow perturbation is shown as a function of the change in the neutral atmosphere, expressed
in terms of the temperature. Simulations correspond to an average over 12 — 20 UT. The solid

lines show the linear least-squares fit to these data.
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Figure 9 Impacts of the best-match gravity wave-like perturbation on the oxygen and nitrogen
airglow brightness. Panel a shows the perturbation in temperature and panel b shows the
perturbation in neutral density. Panel c shows the resultant impact of the wave-like
perturbation from panels a and b on the oxygen and nitrogen airglow simulated using the

GLOW model at 45° latitude and -80° longitude for the geophysical conditions on October 18.

Note the variation in the amplitude of the atmospheric perturbation with altitude.
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Examining Figure 9 in more detail, we see the phase offset between the oxygen airglow
brightness and temperature perturbations, that match what is seen in the GOLD observations.
The resultant oxygen and nitrogen airglow brightness perturbations reflect the antiphase
relationship seen by GOLD. The disk temperature perturbation observed by GOLD was 13 K,
which is similar to the simulated variation near 130 km, and is generally less than that in the
best-fit simulation, shown in Figure 9. However, it is worth noting that the GOLD observation
represents an altitude-integral of the temperature perturbation, weighted by the LBH airglow
emission profile that peaks near 150 km, but extends over several 10s km above and below this
altitude. Given this, and the tilted phase-fronts of any realistic gravity wave, the temperature
perturbation seen by GOLD is expected to be less than the simulated value at the peak of the
layer near 150 km. Without knowledge of the vertical wavelength of the wave observed at this
time, it is not possible to provide a more quantitative relationship between the observed
temperature perturbation and that simulated at any one altitude, other than to note they are
generally consistent in this case. Taking all of these factors into consideration, we see that a
gravity-wave similar to that shown in Figure 9 is consistent with all of the GOLD observed

features.

4. Discussion and Conclusions
Results from a three-day campaign with the GOLD instrument to observe atmospheric waves in
the atmosphere during October 2019 are presented. In the operating mode used for this

campaign, GOLD obtained data during daytime by using one channel in a fixed viewing
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direction, maximizing the signal and providing information along a line that is approximately
aligned the meridional direction. To provide overlap with ground-based data, while being near
nadir viewing geometry, GOLD Channel B was positioned over the eastern coast of the US.
There, ground-based GPS TEC data are then available to help identify wave perturbations in

ionospheric parameters, providing supporting information for the GOLD observations.

Perturbations are seen in the differential TEC data that are indicative of TIDs. As indicated in
prior studies, wave-like TIDs are ubiquitous in GNSS dTEC datasets, and the three days of this
campaign are no exception. Given how clearly such features are seen in the dTEC we use these
data to determine the phase propagation of the waves on each of the three days. On October 18",
presented in detail, the waves appear to move ~7°/hour and are headed almost due south, with a
horizontal wavelength of ~1500 km and a phase speed of 210 ms™. These properties are
indicative of a slow-moving large-scale TID, consistent with the relatively low levels of
geomagnetic activity present on this day. While determining the wave source is beyond the
datasets at hand, the phase propagation direction is consistent with a source near the auroral
region, but a lower-atmospheric source or secondary gravity wave source at intermediate altitude
remain other possibilities. Additionally, the meridional speed of ~7°/hour and the time at which
the features are see at mid-latitudes does not appear to line up with any pronounced auroral

electrojet features (Figure 3), indicating that there is no obvious source of these waves.

GOLD sees similar wave-like perturbations in the airglow brightness associated with oxygen and
nitrogen species, column O/N; ratio derived from those brightnesses and disk temperatures

derived from the shape of the nitrogen LBH band. Using the phase propagation rates determined



639  for the dTEC signature, we demonstrate that these are moving at approximately the same rate,
640  but the dTEC and GOLD oxygen signatures at not quite in phase with one another.

641

642  The phase and amplitude relationships between each quantity are examined by taking an average
643  of the values over 20 — 50° latitude, after all have been adjusted using the phase propagation
644  rates determined from dTEC. The oxygen and nitrogen airglow brightness perturbations are in
645  antiphase with one another, producing a clear variation in the column O/Nj ratio that is

646  consistent with a response to vertical advection. The temperature perturbations appear shifted
647  relative to the oxygen airglow by around one quarter wave period, with the temperature

648  perturbations lagging or appearing slightly northwards of those in the LBH, consistent with an
649  atmospheric gravity wave propagating southwards (and thus consistent with the original picture
650 from the dTEC). The correspondence in the phase between the airglow and dTEC is only partial,
651  but on two out of the three days the perturbations in dTEC appear to be mostly in phase with
652  those in the oxygen airglow. Less correspondence in the amplitudes of the signals seen in dTEC
653  and the airglow are seen (as measured by the changes in the R? values reported in Section 3.5),
654  suggesting a complex relationship between the amplitude of these signals, even though both

655  appear to be related in the measures described above. While the source of this complex

656  relationship is unclear from these observations alone, one possibility is that the airglow

657  signatures observed by GOLD and the TEC observations from the ground both represent

658 altitude-averaged quantities with only limited overlap in altitude. The far UV airglow features
659  GOLD observes are emitted over a range of altitudes and are strongest in the 130 — 180 km

660  region, representative of the middle thermosphere. The TEC values are also an altitude integrated

661  quantity and are most highly weighted to F-region altitudes, typically in the 250 — 350 km
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region, which overlaps with the upper thermosphere. Neither GOLD nor the ground-based TEC
provide precise constraints on these altitude ranges, but it is reasonable to expect that any
changes in the wave properties (such as change in amplitude) with altitude could account for a
difference in the phase or amplitude seen in these two datasets. Additionally, the analysis
presented here focuses on only the strongest wave perturbations seen in the dTEC data and
identifies features moving at the same latitudinal rate as these. Any other waves or propagating
features present could be categorized as noise in this analysis and contribute to an apparent lack
of agreement. A final consideration is that perturbations in the F-region electron density may
tend to be aligned with the geomagnetic field, whereas the neutral perturbations are not. The
interplay of this, and the measure of TEC, which is a vertical column will likely vary between
the higher latitudes where the field is aligned nearly vertically and lower latitudes where it is not.
This may provide another source of discrepancy between the dTEC perturbations and those

observed in the neutral atmosphere with GOLD.

Using the GLOW airglow model, we demonstrated the consistency of the signatures observed by
GOLD with a gravity wave perturbation to the atmosphere. The model, with a background
atmosphere that is perturbed by a gravity-wave like structure is able to reproduce fluctuations in
the airglow brightness that have the same kind of phase-relationship as that observed. The best-
fit amplitude of the atmospheric perturbation is 22.4 K temperature and 2.15 % density variation
at 150 km. Given the altitude range of the airglow emission, the tilt in any phase of the
perturbation (corresponding to an unknown vertical wavelength), and the growth in the
amplitude of a perturbation with height, the observed disk temperature perturbation is expected

to be smaller than that simulated at the 150 km altitude, which is the case. The phase between the
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density, temperature and airglow perturbations are all consistent with the simulated gravity

wave-like feature.

This campaign yields a number of important findings. First is that the GOLD disk temperature
data show the signatures of the TADs very clearly — arguably better than the airglow brightness
data used in a prior study. This is of particular interest as observations of the temperature in the
middle thermosphere are extremely sparse, and thus estimates of the amplitude of wave
perturbations of these temperatures are similarly rare. Second is that the phase relationships
between the observed perturbations in the oxygen and nitrogen airglow, the column O/N, and the
disk temperatures are all consistent with the perturbations coming from an atmospheric gravity
wave or TAD. Third is that the TAD and TID seen in the dTEC data propagate at the same rate
but have a complex relationship between their amplitudes that is not easy to determine from just
a sample of 3 days. With these findings in mind, as GOLD moves into its extended mission
(beginning November 2020), campaigns such as that described here will be performed more
frequently. Lessons learned from this campaign and the methods described here will allow a
much larger dataset of TAD and TID pairs to be identified, under different conditions and for

different seasons, with the hope that the relationship between these two can be characterized.
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836  Figure 10 Location of the GOLD Channel B observations during the campaign. A purple plus
837  symbol marks the location of each of the 376 data bins along the length of the image. The light

838  Dblue dots show the locations of the GPS dTEC data included in this study.

839
840 Figure 11 Global Navigation Satellite System differential TEC (dTEC) for October 18, 2019 as

841 functions of latitude and universal time. The range of longitudes included is indicated in panels a
842  through c. The overlaid black lines in panel b mark locations of local maxima used to find the

843  approximate latitudinal phase velocity of the features seen, as described in the text.

844
845  Figure 12 One-minute SME Auroral Electrojet Index for the 3 days of the campaign during

846  October 2019. The time-periods corresponding to the GOLD observations are highlighted with

847  the yellow shaded regions.

848
849  Figure 13 Example spectrum made from summing 100 Level 1b exposures from the GOLD data

850 from October 18, 2019. The light blue symbols highlight the region used to identify the atomic
851  oxygen feature and the dark blue highlight the corresponding background area. The yellow
852  symbols highlight the region used to identify the nitrogen features and the dark purple highlight

853  the corresponding background area.

854  Figure 14 Perturbations to the airglow, composition and temperature observed on October 18,
855  2019. Panel a shows the perturbation in the oxygen airglow. Panel b shows the perturbation in
856 the nitrogen airglow. Panel ¢ shows the perturbation in the oxygen minus twice the nitrogen

857 airglow to highlight the difference. Panel d shows the oxygen airglow minus twice the nitrogen

858 airglow, where the universal times at each latitude have been offset to correspond to the time at
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47° latitude, using the latitudinal phase propagation rates derived from the dTEC data, as
described in the text. Panels e and f are as ¢ and d, but for the column O/N; perturbations
derived from the oxygen and nitrogen airglow brightnesses. Panels f and h are as ¢ and d, but

for the perturbations in the disk temperature derived from the shape of the LBH band emission.

Figure 15 Panels a through d show the mean perturbation in the 135.6 nm airglow compared to
the LBH airglow, column O/N,, disk temperatures, and dTEC perturbations respectively. All
data are averaged over 20 — 50° latitude, and are shifted in UT to a common value at 47° north
as in Figure 5. Panels a through d correspond to the results for October 17, 2019. Panels e
through h show the same as a through d, but for October 18, 2019. Panels i through | show the
same as a through d, but for October 19, 2019. In each panel, the red line corresponds to the
oxygen airglow. The airglow values are in counts. The disk temperatures are in K and are
multipled by 0.2 to be visible on this scale. The column O/N; are dimensionless ratios and are
multipled by 200 to be visible on this scale. The dTEC values are in TECu and are multiplied by

20 to be visible on this scale.

Figure 16 Correlations between the perturbations in the oxygen and nitrogren airglow
brightness, disk temperatures, column O/N, and dTEC for October 18 2019 data shown in
Figure 6. Panel a shows the nitrogen airglow brightness vs the oxygen airglow brightness. Panel
b shows the O/N; ratio vs the nitrogen airglow brightness. Panel ¢ shows the nitrogen airglow
brightness vs the disk temperature. Panel d shows the dTEC vs the oxygen airglow brightness.
All datasets have been interpolated onto a 10-minute cadence, and the temperature data were

shifted by 1 hour, corresponding to approximately one quarter wave period. The pink lines show
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the least-squares linear fits to each pair of data. Coefficients of determination for each of these

linear fits are shown.

Figure 17 Results of the GLOW airglow simulations of the O 135.6 nm doublet at 45° north and
80° west for the geophysical conditions on October 18, 2019. The amplitude of the simulated
airglow perturbation is shown as a function of the change in the neutral atmosphere, expressed
in terms of the temperature. Simulations correspond to an average over 12 — 20 UT. The solid

lines show the linear least-squares fit to these data.

Figure 18 Impacts of the best-match gravity wave-like perturbation on the oxygen and nitrogen
airglow brightness. Panel a shows the perturbation in temperature and panel b shows the
perturbation in neutral density. Panel c shows the resultant impact of the wave-like
perturbation from panels a and b on the oxygen and nitrogen airglow simulated using the
GLOW model at 45° latitude and -80° longitude for the geophysical conditions on October 18.

Note the variation in the amplitude of the atmospheric perturbation with altitude.



900

901

902

Latitude, degrees

Latitude, degrees

-0

-85 t

East
SN

03

e

Latitude, degrees

14 6 18 20 22 24
Universal time, hours
-75 to -70 East
Q//l “\ T"a §,l ~ T @ s‘“’~

6 18 20
Universal time, hours

1

16 18 20

Universal time, hours

-0.1 0
dTEC, TECu

0.1

0.2



600

450 ! ¥ I. :
e . g i
'3 '. .
-
£ . .
w
3 . ,!
H . [}
. 19
903 Day in October 2019
904
10000 T ———1 7T
8000 — _
6000 — _
o - i
c
g - i
(&) B i
4000 — N
2000}~ N\ |
\ A L Ll A lﬁuﬂ\ ]\ A L b 2 j
0 # LW‘ I W VN N Vvt VY el Naed NN N N

135 140 145 150 155 160
905 Wavelength, nm

906



o o o o o Yo o 0 [To] To] Lo
= ® e %2 8C-F 8§ 8 ~ 8 08 3
SJUNod ‘uolleqiniied SJUNod ‘uoleqiniiad 0001 X Onel \co:m%:ton_
! ! 5
o o o
] N « 8\ «
Y o P ©
| © 2 < -
—w O - O -
= - — C b ol
3 £ £
(@]
. <+Z <2 s
© = -~ T~
~— U < <t
N T N T ™
T =
D )
| = o = 2
1 1 ot aalisaistin 1 ! 1 ! © [os) [oe)
88988 3 2 8 82 888 8E° 2 ¢ 8 ] 2
b = o
_. soalbep ‘epniie soaibap ‘epnie o  seaibep ‘epniie = soaibop ‘opnie]
= -
o 1 o ! o o o o o o nu v o 1! nu v o v v
= LI N - - « S ~ @ . ~ @
Sjunod ~r_O_umo_.:..u._mQ Sjunod \Co_umnhswhwm 0001 X o1jel fo_pm&‘_stwn_ 3 ~C0_um9‘_3u\_.wm
. o . o o o
il & MR « : «
o) o) 1 o)
- wn - 0 o4 ©
e S
> > m
o o S
= < o
3 4 © < ©
op aE 6% 2
=
< < < | <
- ~— ~— S
SHSHSHE e
© O T O AN
< Sealbap ‘epnine] ) T o Soalbap ‘epnyje]

UT at 47 North, hours

, hours

ut

907
908



909

910

911

912

ok
(=}

a)

N
&)

o
=]

G
o

——LBH

b)

— O, q

—T

d)

—_TdTEC

npooo
o o

Mean perturbation between 20 - 50 degrees north,
counts, O/N, x 200, TECu x20,Kx 0.2
o
o

Delta-temperature, K

Delta-1356, counts

25
-5.0
5.0 D 7 k) 1)
25
0.0
25 ] |
-5.0 , . , . . .
12 14 16 18 2012 14 16 18 2012 14 16 18 2012 14 16 18 20
UT at 47 North, hr UT at 47 North, hr UT at 47 North, hr UT at 47 North, hr
a) . . b) . .
w 4 R? value 0.56 0.03¢ R? value 0.70 E
% % 0.02¢ :
o =, 001} + T+ 3
- - ] |
% S 0.00 +
= ‘__,IE -0.01F
] © -0.02¢F 3
D O
-4r , . ‘ ] -0.03; , , . :
-4 -2 0 2 -4 -2 0 2 4
Delta-1356, counts Delta-LBH, counts
c) . , . d) . .
w 4 R? value 0.43 ] 0.2 R? value 0.33
— >
c (&)
3 2f _+ ¢ °* w 01¢ L, 3
o g - - ++ +
T ol + o4 ¥ ] O 3 #y ]
5 0 i . o 00F 4+ H, ot 4
- T & 4 Ly + T
8 27 +t ] = 01t + E
© [ :
Qa 4l [a)
. . . . . -0.2 . . .
-10 5 0 5 10 -4 -2 0 2 4



15

50

Local Time

£
c
©o
n T
a9 L«
LM
Ll
.um
T
s
o
L= S
L ©
-
Fo
T T T T T T T [ee}
© ©o < o~ o o~ <
S 8 o © & o o
o | |
[%] uoneqinyad
[3/] uoneqInad aimesadwa) [@ouataa %] uoneqinad Ajsuag
o~ < © ) o \n
© < o~ ~ [N [l ) o 0 = — m <
m o~ — o | | | < m — o | I |
n
—
]
° LS L
>
=
= B I
< o 3
o £
(@) =
c Lo D L
0] o
c S
) re -
o
=S
w o
N
m
— I
e
- - pA z oo - | e
o o o o o o o o o o o o o
< ™ ~N — F 88 B 38 8 3 5 2 B 8 8
apnjidwy ainjelsadwa] = [ws{] apmniy = [wsy] spmanty
m <
— —
o)) o))

915



