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Key Points:

« First results from the SORTIE CubeSat show a large low-latitude ionospheric wave-
4 (WN4) structure observed concurrently by ICON and SABER

« Spectral analyses of SORTIE IVM, ICON IVM and model output demonstrate
that the DE3 tide is responsible for this strong IT WN4 coupling

e SORTIE and ICON IVM provide insights into tropical tropospheric influences on

the IT by measuring poorly sampled altitudes simultaneously
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Abstract

The diurnal, eastward propagating tide with zonal wavenumber 3 (DE3) is an impor-
tant tidal component due to its ability to effectively couple the ionosphere-thermosphere
(IT) with the tropical troposphere. In this work, we present the first results of a promi-
nent zonal wavenumber 4 (WN4) structure in the low-latitude ionosphere observed by

the Scintillation Observations and Response of The Tonosphere to Electrodynamics (SOR-
TIE) CubeSat mission during May 27 - June 5, 2020. Least-squares analyses of concur-
rent in-situ ion number density measurements from the SORTIE and the Ionospheric Con-
nection Explorer (ICON) satellites near 420 and 590 km show this pronounced WN4 to
be driven by DE3. Thermosphere Ionosphere Mesosphere Energetics Dynamics Sound-
ing of the Atmosphere using Broad band Emission Radiometry (TIMED/SABER) tem-
peratures and Specified-Dynamics Whole Atmosphere Community Climate Model with
thermosphere and ionosphere eXtension (SD/WACCM-X) output demonstrate that the

ionospheric WN4 structure is driven by DE3 propagating from the lower thermosphere.

Plain Language Summary

The extent to which terrestrial weather (below ~30 km) can influence the ionosphere
and thermosphere (IT) is a fascinating discovery of the last two decades or so. The IT
is known to vary significantly from day to day, and this day-to-day weather is largely driven
by processes originating in the lower atmosphere, especially during periods of quiet so-
lar activity. Accurate forecasting of the IT variability thus depends on the ability to fore-
cast the component that originates in the lower atmosphere. Ionospheric variability trans-
lates to uncertainty in navigation and communications systems, while thermospheric vari-
ability translates to uncertainty in orbital and reentry predictions. In this work, we present
the first results from the SORTIE CubeSat showing a large amplitude structure with four
longitudinal peaks in the ionosphere associated with the well-known diurnal eastward
propagating tide with zonal wavenumber 3 (DE3) originating in the tropical troposphere.
Our analyses presented in this paper use concurrent SORTIE, ICON, and TIMED satel-
lite observations during May 27 - June 5, 2020 and a whole atmosphere model to inter-
pret SORTIE measurements. Our results suggest SORTIE and ICON to be excellent and
complementary observational platforms for studying the influence of terrestrial weather

on IT variability.
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1 Introduction

The lower atmosphere drives variability in the ionosphere-thermosphere (IT) sys-
tem through the vertical propagation of waves, including tides, planetary waves, and Kelvin
waves. These waves are periodic in time and longitude due to the rotation of the Earth,
and interact with the lower IT region to modulate electric fields that map to higher al-
titudes and redistribute plasma in the 200-1000 km region. Due to the geometry of mag-
netic field lines near the equator, much of this variability occurs at low latitudes and is
driven by waves that are excited by deep convective processes in the tropical troposphere
and that propagate upwards into the IT system. Tropical troposphere variability is es-
sentially mapped to the IT system through a variety of neutral-plasma coupling processes,
and over a range of spatial and temporal scales. One important class of global-scale at-
mospheric waves characterized by periods that are harmonics of a solar day are thermal
tides. These atmospheric tides can be generated in different altitudinal regions due to
tropospheric latent heating, absorption of tropospheric infrared radiation by water va-
por, absorption of solar ultraviolet radiation by stratospheric ozone, thermosphere molec-
ular oxygen absorption of extreme ultraviolet radiation, and wave-wave interactions (e.g.,
Chapman and Lindzen, 1970; Hagan and Forbes, 2002; Hagan et al., 2007; Liu, 2016).
The main pathways responsible for the modulation of the ionosphere by tides are direct
propagation of atmospheric tides into the ionosphere and thermosphere (e.g., Hagan et
al., 2007; Oberheide et al., 2009) and indirect coupling via the ionosphere E-region dy-
namo (e.g., Jin et al., 2008; Ren et al., 2010; Wan et al., 2008, 2010, 2012).

Several studies investigated the importance of IT variability driven by lower-atmosphere
wave sources. Initial work (e.g., Hagan et al., 2007; Jin et al., 2008; Fang et al., 2009;
Wan et al., 2010) focused on verifying Sagawa et al.’s (2005) and Immel et al.’s (2006)
suggestion that the wavenumber-4 (hereafter, WN4) structure seen in satellite-borne Sun-
synchronous F-region ionospheric data was due to the modulation of dynamo electric fields
by non-migrating tides propagating from below, and in particular due to the diurnal eastward-
propagating tide with zonal wavenumber 3 (s = -3, i.e., DE3). DE3 originates in the trop-
ical troposphere by latent heat release in deep convective clouds (e.g., Hagan, 1996; Ha-
gan and Forbes, 2002, Lieberman et al., 2007), and its first equatorially-symmetric Hough
mode is the largest component in the lower thermosphere (Oberheide et al., 2009; Truskowski
et al., 2014), capable of propagating well into the middle thermosphere (Oberheide et

al., 2011; Gasperini et al., 2015, 2017a, 2018) due to its longer vertical wavelength. When
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viewed at quasi-fixed local time (LT) from slowly precessing satellites, this feature man-
ifests as a 4-peak longitude structure. Subsequent studies examined the LT and seasonal
variations of related WN4 and WN3 structures (e.g., Lin et al., 2007; Liu and Watan-
abe, 2008; Ren et al., 2009), and investigated the underlying mechanisms in further depth
(e.g., Oberheide et al., 2011; He et al., 2011; Mukhtarov and Pancheva, 2011; Maute et
al., 2012; Chang et al., 2013; Lei et al., 2014; Cho et al., 2015; Onohara et al., 2018).

In this work, we present observational evidence of prominent WN4 coupling between
the lower thermosphere near 105 km and the ionospheric F-region at heights near 420
km and 590 km during May 27 - June 5, 2020. Our results take advantage of ion num-
ber density (hereafter, ion density) measurements from the Ion Velocity Meter (IVM)
instruments onboard the Scintillation Observations and Response of The Ionosphere to
Electrodynamics (SORTIE) and Ionospheric Connection Explorer (ICON) spacecraft and
kinetic temperature observations from the Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) instrument onboard the Thermosphere Ionosphere Meso-
sphere Energetics Dynamics (TIMED) satellite. We further connect this WN4 longitude
variability to DE3 by spectrally analyzing ICON and SORTIE IVM data and investi-
gate its latitude-height amplitude and phase structure using a Whole Atmosphere Com-
munity Climate Model with thermosphere and ionosphere eXtension (SD/WACCM-X)
simulation with realistic wave forcing imposed by nudging Modern-Era Retrospective anal-
ysis for Research and Applications version-2 (MERRA-2) reanalysis data in the tropo-
sphere and stratosphere. After a brief description of the data, models, and methods (Sec-
tion 2), we present in detail the observational and modeling results regarding the WN4
variability and its connection to the DE3 tide (Section 3), and conclude with a brief sum-

mary (Section 4).

2 Data, Models, and Methods
2.1 SORTIE/IVM

SORTIE is a NASA Heliophysics System Observatory (HSO) 6U CubeSat mission
to investigate the underlying causes behind the appearance of plasma structures in the
F-region ionosphere, leading to equatorial plasma bubbles, and the evolution of these struc-
tures after their formation (Crowley et al., 2016). SORTIE was launched onboard Dragon

CRS-19 to the International Space Station (ISS), from where it was deployed on Febru-
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ary 19, 2020 in a nearly circular orbit near 420 km with ~51.6° inclination. It carries
two science instruments, a miniature IVM (MIVM), and a micro-Planar Langmuir Probe
(Crowley et al., 2016). This study employs SORTTE’s IVM Level 2 ion density data prod-

uct with a 4-second temporal cadence.

2.2 ICON/IVM

ICON is a NASA HSO mission designed to study the fundamental connections be-
tween the dynamics of the neutral atmosphere at altitudes between 100 km and 300 km
and the charged particle motions at low and middle latitudes from a nearly circular or-
bit at an altitude near 590 km with ~27° inclination (Immel et al., 2018). The ICON
payload includes an IVM instrument that provides in situ measurements of the ion drift
motions, density, temperature and major ion composition (Heelis et al., 2017). The IVM
is comprised of two instruments, the Retarding Potential Analyzer (RPA) and the Drift
Meter (DM). This study employs ICON’s IVM-A Data Product 2.7 v4 determined from
RPA measurements, with a 1-second temporal cadence. Preliminary validation work by
the ICON IVM team reports accuracy around 4-10% ecm ™3 for this data product (see the

acknowledgments for further information).

2.3 TIMED/SABER

The SABER instrument was launched onboard the TIMED satellite (also a NASA
HSO mission) on December 7, 2001. SABER provides measurements of kinetic temper-
ature from ~20 km to ~120 km altitude (Mertens et al., 2001). SABER views the at-
mospheric limb from an orbit of ~625 km altitude and ~73° inclination, so that the lat-
itude coverage on a given day extends from about 53° in one hemisphere to about 83°
in the other. This viewing geometry alternates once every ~60 days. Errors in the re-
trieved temperatures in the 80-105 km region are estimated to be £1.5-5 K (Garcia-Comas
et al., 2008). This study takes advantage of the SABER Level 2a Data Product with a

~55-second temporal cadence.

2.4 WACCM-X

WACCM-X (Liu et al., 2018) is a configuration of the National Center for Atmo-
spheric Research (NCAR) Community Earth System Model (CESM) (Hurrell et al., 2013)
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that extends the atmospheric component into the thermosphere, with a model top bound-
ary between 500 and 700 km. The standard spatial resolution of WACCM-X is 1.9° by
2.5° in latitude and longitude, respectively, and 1/4 scale height vertically above the up-
per stratosphere. To simulate the lower and middle atmosphere, WACCM-X can be run
with specified dynamics (SD) that constrains the troposphere and stratosphere dynam-

ics using MERRA-2 reanalysis data (Gelaro et al., 2017). This study employs output from
an extended SD/WACCM-X version v2.1 simulation that covers the May 27 - June 5,
2020 period. The empirical ion convection patterns are specified using the Heelis et al.
(1982) empirical model. The MERRA-2 forcing provides a realistic representation of the
wave forcing in the lower and middle atmosphere making this simulation an ideal physics-

based framework for interpreting atmosphere-ionosphere coupling by tides.

2.5 Analysis of Satellite Data

When combined, the ascending and descending nodes of SORTIE and ICON cover
24-hour of LT in ~30 days (i.e., each node samples ~4 hours of LT in about 10 days).
Figure 1 shows the LT coverage of ICON (blue plus signs) and SORTIE (red squares)
IVM measurements at 25°N (panel b), at the equator (panel ¢), and at 25°S (panel d)
during May 27 - June 5, 2020. At the equator, SORTIE’s (ICON’s) orbit precesses from
~2 LT/~14 LT (~7 LT/~19 LT) on May 27 to ~22 LT/~10 LT (~2 LT/~14 LT) on
June 5 (Figure 1¢). As shown in Figure la, this 10-day period is characterized by low
solar activity (average F10.7 ~70) with two minor geomagnetic disturbances (ap~25 on
May 30, 2020 and ap~15 on June 1-2, 2020). For this study, ICON and SORTIE IVM
ion density are analyzed by both adding and subtracting ascending and descending node
measurements. Wave analysis is performed by applying least-squares methods to SOR-
TIE IVM and ICON IVM ion density, and to SD/WACCM-X ion density and neutral

temperature.

3 Results

The global distribution of ion density observed by SORTIE (ICON) IVM near 420
km (590 km) altitude during May 27 - June 5, 2020 is presented in Figure 2. SORTIE
daytime (~10-14 LT) and nighttime (~22-2 LT) 10-day averages are shown in panels a
and b, respectively. Figures 2a’ and 20" show the corresponding ICON daytime (~14-18

LT) and nighttime (~2-6 LT) 10-day averages, respectively. Excellent low-latitude cov-
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erage is achieved by both SORTIE (about £51.6° latitude) and ICON (about +27.1° lat-
itude) during this 10-day period, as evidenced by the distribution of the black dots in
panels a-a’ and b-b’ showing the measurement locations. Ion density values up to ~4.4x10°
em ™3 (~2.1x10° em~3) are observed during daytime and up to ~1.7x10% cm™=3 (~0.5x10%
em~?3) during nighttime by SORTIE (ICON) IVM. Note that a scaling factor is applied
multiplying the ICON ion density by a factor of 2 given ICON’s higher mean altitude

(i.e., ~590 km versus ~420 km for SORTIE). Figures 2a”-2b" display ascending and de-
scending node differences for SORTIE and ICON IVM ion density, respectively, each scaled
(multiplied) by 0.5. Both SORTIE and ICON show enhanced ion density at low latitudes
around 30°S-30°N with a prominent WN4 structure and peaks near 180°E, 100°E, 45°E,
and 100°W. This type of feature in the low-latitude ionosphere was reported in previ-

ous satellite-based measurements (e.g., Immel et al., 2006; Lin et al., 2007; Liu and Watan-
abe, 2008, Liu et al., 2009), as discussed in Section 1. This notable WN4 structure ob-
served by SORTIE and ICON points to a possible modulation of the background ion den-
sity by the non-migrating DE3 tide as observed from their slowly precessing orbits. Note
that while SORTIE IVM observes an OT-dominated ionosphere, ICON IVM samples non-
negligible HT (especially during nighttime). Thus, to best interpret the concurrent iono-
spheric WN4 signatures observed by ICON and SORTIE, Figure 2b-2b" shows ICON’s

O density. The Pearson correlation coefficient between the WN4 structure seen in the
SORTIE total ion density and ICON O™ density (see Figure 2a”-2b") is calculated to

be ~0.87. Also note that the equatorial ionization anomaly (EIA) is not evident in Fig-
ure 2 likely due SORTIE’s and ICON’s mean altitude (~420 km and ~590 km, respec-
tively) being significantly higher than the F-layer peak height (~200-350 km), in agree-

ment with Figure 2 of Mukhtarov and Pancheva (2011).

It is important to realize that while the variability due to the semidiurnal eastward-
propagating tide with s = -2 (SE2) and stationary planetary wave 4 (SPW4) would largely
be eliminated by the ascending/descending node differences shown in Figures 2a”-2b"
for latitudes less than about +10° (£30°) for ICON IVM (SORTIE IVM), aliasing from
the diurnal westward-propagating tide with s = 5 (DW5) and from the terdiurnal eastward-
propagating tide with s = -1 (TE1) may also contribute to a WN4 longitude structure
seen at a constant LT (see Lieberman, 1991; Oberheide et al., 2000; Gasperini et al., 2015,
2017b, 2018, 2020). Additionally, the LT difference between ICON’s (SORTIE’s) ascend-

ing and descending node IVM measurements is <9 hours for latitudes greater than around
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+10° (£30°) (see Figure 1). Hence one can anticipate significant aliasing due to vari-
ability associated with SE2 and SPW4 at latitudes greater than around +10° for ICON
and £30° for SORTIE due to this LT difference being <9 hours. Thus, to avoid these
aliasing issues in the analysis of the WN4 structure we (1) combine 30 days of SORTIE
and ICON data collected during May 27 - June 25, 2020 to acquire full 24-hour LT cov-
erage, and (2) use output from a 3-hourly SD/WACCM-X simulation. Figure 3 shows
the period versus zonal wavenumber amplitude spectra of SORTIE IVM ion density and
ICON IVM O ion density obtained by combining ascending and descending node mea-
surements during May 27 - June 25, 2020, and of SD/WACCM-X ion density during May
27 - June 5, 2020 derived using the full model output. Around 10°S-10°N magnetic lat-
itude (MLAT) SORTIE (panel a’), ICON (panel b") and WACCM-X (panel ¢’) ion den-
sity spectra reveal the existence of a pronounced DE3 component with amplitudes up

to ~2x10* cm™3. DE3 is found to be nearly absent in both WACCM-X and the SOR-
TIE (ICON) observations at 40°N MLAT (25°N MLAT) and 40°S MLAT (25°N MLAT),
in agreement with the well-known Kelvin wave behavior of the first-symmetric equatorially-
trapped Hough mode of DE3 that efficiently propagates to the 1T. The ion density DE3
observed by ICON is about 30% smaller than that observed by SORTIE. This ampli-
tude difference between ~420 km and ~590 km is likely due to the combined influence
of dissipation, zonal mean winds, wave-wave interactions, and inherent transience on the
upward propagating thermospheric DE3. Also present in the 10°S-10°N MLAT spectra
is the migrating DW1 tide, as shown in previous ionospheric observations (e.g., Chang

et al., 2013). SW2, DW5 and TE1 amplitudes are found to be negligible (TE1 results
not shown here), providing confidence to our assertion that the WN4 structure observed

by SORTIE and ICON is in fact due to the non-migrating DE3 tide.

To examine the latitudinal structure associated with this prominent F-region ion
density DE3 (and other diurnal tides), Figure 4 shows the MLAT-wavenumber diurnal
amplitude spectra of SORTIE IVM (panels a and a’), ICON IVM O* (panels b and b’)
and SD/WACCM-X (panels ¢ and ¢) ion densities with and without the migrating DW1
tide set to zero. Similar to the results presented in Figure 3, SORTIE, ICON, and WACCM-
X show general agreement with large DW1 (~7x10* cm~3) and DE3 (~2.1-3x10% cm™3)
amplitude variations primarily confined to low latitudes. Along with pronounced DW1
and DE3 signals, the SORTIE and ICON spectra also exhibit DO and DW2 variations
(and some DE2 for SORTIE), while the WACCM-X spectra show DE1 and DW2 vari-
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ations. Note that a ~2x10* cm™3 DE2 amplitude variation is found in the model around
5°N-20°N MLAT, but not in the SORTTE or ICON observations. Larger DE3 amplitudes
(up to 3.06x10* cm—3) are found in the SORTIE and ICON spectra around 25°N-10°S
MLAT (panels 4a’ and 4b', respectively) consistent with the results shown in Figures 3a’
and 3b’, while WACCM-X maxima are found near 10°N-20°S MLAT. Some differences
between the observed and modeled diurnal spectra are not unexpected and are likely due
to (1) the different averaging window used (30 days for SORTIE and ICON, and 10 day
for WACCM-X; note that a 10-day window for WACCM-X is adopted for consistency
with the SORTIE and ICON results shown in Figure 2), (2) differences in the longitude-
local time sampling between model and observations, and (3) inherent tidal variability
observed by SORTIE and ICON that is not reproduced by the model. Even with the am-
plitude suppression associated with the monthly averaging, panel 4a’ shows SORTIE IVM

3. i.e, over 15% of the observed zonal

ion density DE3 amplitudes exceeding ~3x10% cm™
mean. As noted above in the context of Figure 3, the ICON observed ion density DE3
amplitudes are about 30% smaller than SORTIE. Although not addressed in this study,

the noted amplitude difference may be ascribable to reduced thermospheric DE3 ampli-
tudes near 590 km due to the combined influence of dissipation, zonal mean winds, and
wave-wave interactions that may result in reduced in-situ generated ion density DE3 at
ICON heights. Follow on work will investigate these possible contributions to the ob-

served amplitude differences (and day-to-day variability) using concurrent thermospheric
observations by ICON. On the other hand, it is important to point out the remarkable
degree of consistency between the SORTIE and ICON diurnal ion density spectra be-

tween ~420 km and ~590 km during May 27-June 25, 2020. The latitude structure of

DW1, DE3, D0, and DE2 are similarly captured by both space-borne observational plat-
forms. It will be interesting to investigate in detail the diurnal, semidiurnal, and terdi-

urnal tidal coupling between these two ionospheric regions and possible sources of lat-

itude and temporal variability in the various tidal components. A few likely candidates
responsible for the observed variability with height in the tidal amplitudes and latitude
structures are noted above. A more systematic study that employs the entire ~5-month
period of simultaneous SORTIE and ICON observations and leverages other ICON remotely-

sensed thermospheric observations is currently underway.

Additional analysis of the DE3 tide in the ionosphere is performed using a 30-day
sliding window of low-MLAT (£20°) SORTIE and ICON IVM ion density during the



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

2901

292

2903

294

295

296

297

208

299

300

301

302

303

304

305

306

307

4-month interval from May 27, 2020 through September 15, 2020 to investigate its tem-
poral variability. Figure 5 shows daily variations of the estimated DE3 amplitudes (panel
a) and phases (panel a') derived using a least squares method and the combined ascend-
ing/descending node data (i.e., covering ~24-hr LT). Both SORTIE and ICON DE3 am-
plitudes are found to be larger (~1.9x10* cm~3 for SORTIE and ~1x10* cm~3 for ICON)
around May 27 - June 25, quickly decreasing to minima (103—10* cm =3 for SORTIE and
~800—2x10% cm ™3 for ICON) near June - July, with largest amplitudes (~2.1x10* cm~3
for SORTIE and ~1.3x10* cm~3) observed during mid-August through early Septem-

ber 2020. General agreement is found in the seasonal variation of the ion density DE3
amplitudes observed by SORTIE near 420 km and by ICON near 590 km, with some dif-
ferences likely associated to additional complexities introduced by the influences of dis-
sipation, zonal mean winds, and wave-wave interactions. The latitude structure of DE3
presented in Figure 4 and its temporal variation shown in Figure 5a, with largest am-
plitudes occurring around August-September and a second period of enhanced activity
around April-May, is consistent with previous modeling work and observations (e.g., Mukhtarov
and Pancheva, 2011; Truskowski et al., 2014; Gasperini et al., 2015). To investigate the
altitude-latitude structure of the DE3 tide in the IT region, Figure 5b shows the SD/WACCM-
X height (~100-450 km) - MLAT(60°S-60°N) structure of ion density (panels b and ')
and temperature (panels ¢ and ¢’) amplitudes and phases during May 27 - June 5, 2020.
Tonospheric DE3 amplitudes are found to be largest around the F-layer peak near 200-
350 km, with a defined 2-peak structure and maxima of ~8x10* cm™2 around 15°N and
15°S associated with the EIA (Appleton, 1946; Balan and Bailey, 1995). Previous stud-
ies (e.g., Sagawa et al., 2005; Immel et al., 2006; Wan et al., 2008) showed the EIA to
exhibit a WN4 longitudinal variation and it is now well accepted that this structure in
the ionospheric F-region can form as a result of the combined effect of the E-region dy-
namo modulation by the lower thermospheric DE3 and from the direct propagation of
DE3 into the F-region. It is fairly well established that neutral density variations, changes
in thermospheric atomic oxygen to nitrogen ratio, and meridional winds at F-region al-
titudes (e.g., Liu et al., 2009; England et al., 2010; Maute et al., 2012) can contribute

to the coupling between the tides and the ionospheric plasma. Previous modeling and
observational results (e.g., Oberheide et al., 2011) indicate small amplitudes (< 1 m/s)
meridional DE3 winds in the low latitude (£15-20°) middle and upper thermosphere,

which suggests the thermospheric DE3 winds to be a minor contributor the observed iono-
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spheric DE3 signature. Similarly, neutral density and thermospheric atomic oxygen to
nitrogen ratio DE3 amplitudes are generally small at SORTIE and ICON altitudes. It
would be beyond the scope of this study to investigate the relative contribution of these
effects to the ionospheric DE3 observed by SORTIE and ICON and this effort is left for
follow on work. The lower thermospheric temperature DE3 exhibits largest amplitudes
of ~12 K around 110-120 km, in accord with previous modeling (e.g., Gasperini et al.,
2015, 2017a) and observational (e.g., Truskowski et al., 2014) results. The vertical wave-
length of the modeled temperature DE3 inferred from its vertical phase progression (panel
') is ~49.8 km, in line with a predominant first-symmetric Hough mode. Latitudinal
asymmetries and broadening of the latitude structure with height in the thermospheric
DE3 are likely due to the combined effect of mean winds and dissipation (e.g., Forbes,

2000; Gasperini et al., 2015, 2017a).

Figure 6 displays maps of TIMED/SABER temperatures near 105 km observed con-
currently (i.e., May 27 - June 5, 2020) with the SORTIE and ICON IVM ion density maps
presented in Figure 2. Panels a and b show results for the descending (~3-5 LT) and as-
cending (~15-17 LT) nodes, respectively; while panel ¢ contains results for half ascend-
ing/descending node differences. A prominent WN4 structure is found to dominate the
low-latitude (+30°) lower thermosphere with observed amplitude maxima of ~30 K peak-
ing near 135°E, 75°E, 45°W, 135°W. Pearson correlation coefficients between the equa-
torial longitudinal WN4 structure in TIMED/SABER temperatures and the WN4 struc-
ture in SORTIE (ICON) IVM ion density are calculated to be r=0.71 (r=0.67). The cor-
relation is computed on half ascending/descending node differences combining data within
10°S-10°N MLAT. This level of correlation, along with the modeling work discussed in
Figure 5, provides strong evidence that the ionospheric WN4 structure observed by SOR-
TIE and ICON is in fact associated with the lower thermospheric DE3. This level of cor-
relation also indicates that there is significant phase coherence between the lower atmo-
spheric DE3 and the F-region ion density DE3 near 420 km and 590 km. This result agrees
with our hypothesis that the F-region ion density DE3 is primarily driven by the E-region
dynamo. As previously discussed, modeling and observational results generally demon-
strate small meridional wind, neutral density, and atomic oxygen to nitrogen ratio DE3
amplitudes in the low-latitude (+15-20°) middle and upper thermosphere. These con-
siderations suggest that the in-situ-driven component may be a minor component. An

investigation on the relative contribution of the E-region dynamo modulation by the lower
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thermospheric DE3 versus the direct propagation of DE3 into the F-region is considered
beyond the purview of the current investigation and will be the subject of a follow on

work.

4 Summary and Conclusions

Results presented above provide a clear picture of a marked longitudinal WN4 vari-
ation observed during May 27 - June 5, 2020 by SORTIE and ICON IVM in the low-
latitude ionosphere near 420 km and 590 km, respectively. Taking advantage of output
from an SD/WACCM-X simulation nudged with MERRA-2 reanalysis data in the tro-
posphere and stratosphere and monthly-averaged SORTIE and ICON IVM data, this
prominent WN4 structure in the F-region ion density is demonstrated to be due to the
well-known DE3 tide. This non-migrating tide has gained significant attention due to
its ability to preferentially propagate to the IT from the tropical troposphere, thus ef-
fectively coupling these regions. SORTIE IVM (ICON IVM) observations and SD/WACCM-
X output are shown to exhibit ion density DE3 amplitudes upward of 3x10* cm=3(2.1x10%
em ™), i.e., over 15% of the zonal mean, around +20° MLAT, with general agreement
between model and observations. The monthly-averaged SORTIE and ICON diurnal ion
density spectra are found to be in strong agreement, with similar latitudinal structures
observed and predominant DW1, DE3, D0, and DE2 tidal signals. DE3 ion density am-
plitudes are found to be about 30% smaller in ICON observations near 590 km compared
to SORTIE observations near 420 km, possibly due to the combined effect of dissipation,
mean winds, and wave-wave interactions on the thermospheric DE3 propagating between

420 km and 590 km (e.g., Gasperini et al., 2017a).

Least squares fitting of monthly-averaged SORTIE and ICON IVM ion density dur-
ing May 27 - September 15, 2020 showed larger (~1.9x10* cm™ for SORTIE and ~1x10*
cm ™3 for ICON) DE3 amplitudes around May 27 - June 25, rapidly decreasing to smaller
values (103—10* cm™3 for SORTIE and ~800—2x10% cm ™3 for ICON) around June - July,
and becoming largest (~2.1x10* cm™3 for SORTIE and ~1.3x10% cm~2) around mid-
August through early September 2020, in agreement with the well-known seasonal vari-
ation of DE3 amplitudes highlighted in previous modeling and observational studies (e.g.,
Mukhtarov and Pancheva, 2011; Truskowski et al., 2014; Gasperini et al., 2015, 2017a).
Concurrent TIMED/SABER temperature observations near 105 km are shown to ex-

hibit a pronounced WN4 structure (£30 K) in the low-latitude lower thermosphere as-
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sociated with DE3 that is found to be correlated with the ionospheric WN4 (r=0.71 for
SABER/SORTIE and r=0.67 for SABER/ICON around 10°N-10°S MLAT). Strong cor-
relation (r=0.87) is found between the WN4 structure observed simultaneously by SOR-~
TIE and ICON IVM. This level of correlation and the similarities in the SORTIE and
ICON ion density DE3 latitude structures demonstrate that this tidal component is ef-
fective at coupling these two different ionospheric regions near 420 km and 590 km si-
multaneously. Note that this period is generally characterized by small thermospheric
DE3 amplitudes (e.g., Oberheide et al., 2011, Forbes et al., 2014, Gasperini et al., 2015).
The less than perfect agreement (i.e., r=1.0) between the two heights is ascribable to ad-
ditional complexities on the thermospheric DE3 introduced by wave dissipation, the pres-

ence of zonal mean winds, possible wave-wave interactions, and inherent transience.

The latitude-height structure of this prominent DE3 signal is further investigated
using SD/WACCM-X. DE3 amplitudes were found to be largest around the F-layer peak
near 200-350 km, with two well-defined enhancements near 15°N and 15°S MLAT as-
sociated with the EIA and maxima of ~8x10* cm™>. The modeled DE3 temperature am-
plitudes are found to exhibit largest amplitudes around 110-120 km, in accord with pre-
vious modeling and observational results (e.g., Truskowski et al., 2014; Gasperini et al.,
2015, 2017a). Departure from a purely equatorially symmetric latitude structure and broad-
ening of latitude structures with height of the thermospheric DE3 is explained in terms
of the combined effect of mean winds and dissipation. The vertical wavelength of the mod-
eled temperature DE3 is found to be ~49.8 km indicative of a predominant first sym-

metric Hough mode.

This study presented first results of a prominent F-region ion density WN4 struc-
ture driven by the nonmigrating DE3 tide observed concurrently by the SORTIE Cube-
Sat and ICON. The results herein contained provide evidence for the extent to which
DE3 is capable of affecting simultaneously the global structure of the F-region ion den-
sity near 420 km and 590 km. This study further demonstrates the degree to which global-
scale tidal activity related to the tropical troposphere can influence the IT system. This
study also demonstrates SORTIE and ICON to be excellent observational platforms for
studying the influence of terrestrial weather on IT variability at low latitudes. Comple-
mentary and concurrent measurements from SORTIE’s and ICON’s near identical IVM

instruments at different altitudes are shown to be particularly valuable. Future work will
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take advantage of comprehensive sets of SORTIE and ICON observations to investigate

in further detail the coupling of different IT regions by global-scale waves.
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Figure 1. (a) Time series of the daily F10.7 solar flux (red curve) and 3-hourly ap (blue
curve) during May 27 - June 5, 2020. (b)-(d) Time series of ICON (blue plus signs) and SORTIE

(red squares) local solar time at 25°N (panel b), equator (panel ¢), and 25°S (panel d).
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Figure 2. Latitude (60°S-60°N) versus longitude (180°W-180°E) maps of SORTIE total ion
density (upper panels) and ICON O™ density (lower panels) Ton Velocity Meter (IVM) ion den-
sity measured during May 27 - June 5, 2020. SORTIE (ICON) daytime, i.e., ~10-14 LT (~14-18
LT), averages are shown in panel a (panel b); while SORTIE (ICON) nighttime, i.e., ~22-2 LT
(~2-6 LT) averages are shown in panel a’ (b'). Panels o’ and b’ show maps of half ascending
and descending node differences (i.e., daytime-nighttime differences). The black dots in panels
a-a’ and b-b’ show the measurement locations. ICON OV ion density is scaled (multiplied) by a
factor of 2 given ICON’s higher mean altitude (~575-610 km) compared to SORTIE (~418-427
km). This scaling is performed to use the same color bar for both ICON and SORTIE. The cor-
relation between the WN4 in SORTIE and ICON (panels a” and o) is r=0.87 near the equator

(10°S-10°N), as noted at the bottom of panel a”.
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Figure 3. Period versus zonal wavenumber amplitude spectra of SORTIE IVM ion density

at MLAT 40°N (panel a), 10°S-10°N (panel a’), and 40°S (panel a”) during May 27 - June 25,
2020. (b)-(b") Same as (a)-(a”), but for ICON IVM O ion density at MLAT 25°N (panel b),
10°S-10°N (panel b'), and 25°S (panel a”). (c)-(¢"") Same as (a)-(a”), but for SD/WACCM-X ion
density during May 27 - June 5, 2020 and sampled along SORTIE’s orbit. This 10-day window
for WACCM-X is adopted for consistency with the SORTIE and ICON results shown in Figure 2.
Eastward propagating waves are indicated with negative wavenumbers. A prominent diurnal s=-3
DES3 signal is clearly seen in the SORTIE, ICON, and SD/WACCM-X low-latitude ionosphere

spectra, along with large DW1.
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Figure 4. (a) MLAT versus zonal wavenumber diurnal amplitude spectra of SORTIE IVM
ion density during May 27 - June 25, 2020. (b) Same as (a), but for ICON IVM O™ ion density.
(c) Same as (a), but from SD/WACCM-X output sampled along SORTIE’s orbit during May 27
- June 5, 2020. (a’)-(¢') Same as (a)-(c), but with the migrating tide set to zero. The prominent
ion density s=-3 DE3 variation exhibits amplitudes upward of 3x10* ¢cm™ in both the SORTIE
observations (panel a’) and the model (panel ¢'). ICON’s DE3 ion density amplitude maxima are
shown to be around 2.1x10* cm ™2, i.e., 30% lower than those found in SORTIE. The monthly-
averaged SORTIE and ICON diurnal ion density spectra are in general agreement, with similar

latitudinal structures observed and predominant DW1, DE3, D0, and DE2 tidal signals.
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SORTIE (blue) and ICON (red) IVM DES3 lon Density Amplitude, MLAT 20S-20N, 30-day moving window
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Time series of SORTIE (blue line) and ICON (red line) IVM ion density DE3

amplitudes (panel a) and phases (panel a’) derived using least squares fitting within 30-day slid-

ing windows during May 27 - September 15, 2020. The vertical boxes identify 1-o uncertainly

estimates in the amplitudes and phases output by the fitting procedure. Panels b-b' show the

SD/WACCM-X height (~100-450 km) versus MLAT (60°S-60°N) ion density DE3 amplitudes

and phases, respectively. Panels c-¢' show the same results as in panels b-b’, but for neutral

temperature DE3. The vertical wavelength of the modeled temperature DE3 inferred from its

vertical phase progression (panel ¢’) is ~49.8 km, consistent with a predominant first symmetric

Hough mode.
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TIMED/SABER Temperature V2.0, May 27 —June 5, 2020
Height: 105 km

Descending Node (D) Ascending Node (A)

155 182 208 234 260 154 179 203 228 252
Kinetic Temperature [K] (A‘ D )/2 Kinetic Temperature [K]

-24.6 -10.9 2.9 16.7 30.4
Kinetic Temperature [K]

Figure 6. Latitude (60°S-60°N) versus longitude (180°W-180°E) maps of TIMED/SABER
kinetic temperatures near 105 km during May 27 - June 5, 2020 at the descending node (panel
a) near 3-5 LT, ascending node (panel b) near 15-17 LT, and their half difference (panel ¢). A
prominent longitudinal WN4 structure is evident in the differences (panel c) consistent with the

concurrent ionospheric DE3 signature observed by SORTIE (ICON) IVM near 420 km (590 km).
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