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Key Points:

e A merging of the EIA crests leading to an X-shaped pattern is observed in GOLD
ionospheric measurements.

« We explain this phenomenon using simulations, which advances our knowledge and
is potentially helpful for space weather forecast capability.

e The simulations show that the nighttime EIA-X are generated during pre-sunset

and persists after sunset.
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Abstract

A unique phenomenon — merging of Equatorial Ionization Anomaly (EIA) crests, lead-
ing to an X-pattern (EIA-X) around the magnetic equator — has been observed in the
night-time ionospheric measurements by the Global-scale Observations of the Limb and
Disk (GOLD) mission. A whole atmospheric general circulation model simulation repro-
duces this pattern. The pattern is also produced in an assimilative ionosphere model that
assimilates slant Total Electron Content (slant-TEC) from Global Navigation Satellite
System (GNSS) and Constellation Observing System for Meteorology, Ionosphere, and
Climate 2 (COSMIC-2). Due to the observed similarity between measurements and sim-
ulations, the latter is used to diagnose this heretofore unexplained phenomenon. The sim-
ulation shows that the EIA-X occurs in the afternoon to evening sector at a longitude
where the vertical drift is negative, which is a necessary but not sufficient condition. The
simulation was performed under constant low-solar and quiescent-geomagnetic forcing
conditions, therefore we suggest that one of the drivers of this phenomenon is from lower-

atmospheric processes.

Plain Language Summary

Using Global-scale Observations of the Limb and Disk (GOLD) mission observa-
tions of the nighttime ionospheric emissions, a new phenomenon of the merging of the
Equatorial Ionization Anomaly (EIA) crests forming an X shaped pattern (EIA-X) has
been observed around the magnetic equator. This intriguing pattern has been reproduced
in a whole atmospheric general circulation model simulation and data assimilation. By
examining the electron density and plasma drifts in the model, it has been deduced that
the ETA-X consistently coincides with a negative vertical drift, situated between two pos-
itive drift regions to the east and west of the crossing location. Generally, it occurs be-
fore sunset and is present there until about 21 LT. We propose that the drivers of this
phenomenon primarily originate in the lower atmosphere. These significant findings ad-
vance our understanding of the afternoon to evening time ionosphere, which hold the po-

tential to improve space weather forecasting and space based radio communication.

1 Introduction

Although the maximum number of ions in the Earth’s atmosphere is produced at

the sub-solar point in the ionosphere, a combination of the unique geometry of the mag-
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netic field lines and electrodynamical coupling generates two bands of enhanced ions and
electrons, known as the Equatorial Ionization Anomaly (EIA), on both sides of the ge-
omagnetic equator. The generation and evolution processes of the EIA have been known
to the space science community since the dawn of the space age (Appleton, 1946). How-
ever, with the evolution of improved sensitivity and innovative observing capabilities of
the ionosphere, new and unexpected features of the EIA are being observed, and the mys-
teries behind them are being unraveled. For instance, the four wave structure in EIA lon-
gitudinal variability (Immel et al., 2006; England et al., 2006), global and high cadence

observations of the EIA and irregularities in them (Eastes et al., 2020; Huba & Liu, 2020).

Normally, the ETA exhibits two distinct crests forming around the Earth’s mag-
netic equator (Appleton, 1946; Balan et al., 2018; Eastes et al., 2023). However, on cer-
tain occasions, it has been reported to display a non-anomalous equatorial ionization sit-
uation, characterized by only one peak over or near the magnetic equator (Carruthers
& Page, 1972; Basu et al., 2009). The earliest report (Carruthers & Page, 1972) of the
merging of EIA crests was presented from the far ultraviolet camera operated on the lu-
nar surface during the Apollo 16 mission. This report, however, was not able to show
a clear X-pattern merging of the EIA crests. The later report (Basu et al., 2009) utilized
observations from satellites in Low-Earth Orbit (LEO) and documented extremely large-
scale features, spanning over 100 degrees in longitude. In contrast, more recent studies
have focused on localized merging of the EIA crests over the magnetic equator, combin-
ing Global-scale Observations of the Limb and Disk (GOLD) observations with model
simulations. The recent studies attribute the merging events to disturbances resulting
from either geomagnetic storms (Wu et al., 2023) or Tonga-volcanic eruption (Aa et al.,
2022). In this article, we report, several instances of localized EIA X-pattern merging
(here onward EIA-X) from the Global-scale Observations of the Limb and Disk (GOLD)
nighttime observations. The underlying mechanism responsible for the formation of this
phenomenon is thoroughly examined using a combination of model simulation and data

assimilation techniques.

The variations in EIA crest intensity and its latitude variation can lead to scintil-
lation and radio wave signal fading for satellite communications, potentially disrupting
critical communication and navigation signals (Balan et al., 2018; Kelley, 2009). An un-
derstanding of the variability of EIA has implications for space weather monitoring and

prediction. A better understanding of the EIA would help towards a better modeling and
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forecasting capability of the ionosphere and space weather, which can help mitigate the
potential risks posed to satellite communications, navigation systems, and space traf-

fic control.

2 Data and Model Simulation

The primary data used in this investigation are from GOLD, which is onboard a
geostationary satellite. To interpret the results, simulations using the Whole Atmosphere
Community Climate Model with thermosphere and ionosphere extension (WACCM-X)
model are employed. In this case, we utilized a free-running version of WACCM-X that
incorporates internally generated lower atmospheric dynamics. Additionally, to check
the temporal evolution of the ionosphere in more realistic simulations, a data assimila-
tion system that specifies the ionosphere using slant total electron content (slant-TEC)
observations from Global Navigation Satellite System (GNSS) and Constellation Observ-
ing System for Meteorology, Tonosphere, and Climate-2 (COSMIC-2). Further details re-

garding the various data used in this investigation are provided below.

2.1 GOLD OI-135.6 nm Intensities

The GOLD instrument consists of two identical and independent Far UltraViolet
(FUV) spectrographs, named as channels A and B. They are slit spectrographs and scans
the Earth’s disk in the spectral range of 132-162 nm wavelengths. The channel B is mainly
used for nighttime observations, whereas channel A is used for both day and night ob-
servations. A prominent spectral line in the night spectra comes from the Oxygen-1 135.6
nm emission (OI-135.6). This emission results from the radiative recombination of oxy-
gen ion (O1) with free electrons (e ) in the F-region and it is therefore a representative
of the F-layer peak plasma density. The nighttime observation starts approximately one
hour after local sunset and lasts for 3 to 5 hours, depending on the scheduling of other
observing modes and the season. Each observing cycle scans a specific longitudinal range
and typically lasts for approximately 15 minutes. As GOLD is stationed in a geostation-
ary orbit over the equator at 47.5°W, the disk observations cover a major portion of the
Pacific-American-Atlantic longitude sector on any given night. Further technical details
about the GOLD instrument, operation schedules, and nighttime observations can be

found in Eastes et al. (2019, 2020); Karan et al. (2020) and in the webpage https://
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gold.cs.ucf.edu/. The current investigation used LevellC night scanning version 3 data

that are marked as “Level 1C NI1” in the GOLD webpage.

2.2 Free-Running WACCM-X

WACCM-X is a whole atmosphere community climate model that couples land, ocean,

lower atmosphere models with the thermosphere ionosphere. For this study, we utilized

a free-running version where the lower atmospheric variabilities are internally generated
by the model. The solar and geomagnetic parameters for this run were maintained at
constant values of 70 solar flux unit (sfu, to represent low solar activity conditions) and
a Kp-index of 1 (to ensure geomagnetically quiet conditions). The model horizontal res-
olution is 1.9° (latitude) x 2.5° (longitude), while the vertical resolution spans from 1

to 3 km up to 50 km altitude, and then 0.25 scale heights for altitudes above ~50 km.
The model extends from the surface to 500-700 km, depending on solar activity level (H.-
L. Liu et al., 2018). As the model is free-running, it does not correspond to a specific
real year. However, the internally generated lower atmospheric dynamics varies day-to-
day and it can effectively generate seasonal climatology. More comprehensive insights
into the model’s physics, dynamics, and additional information can be found in H.-L. Liu

et al. (2018).

The main purpose of using WACCM-X is to simulate ionospheric conditions anal-
ogous to those observed in the GOLD OI-135.6 nm emissions. Additional ionospheric
parameters from instances where comparable characteristics are detected in the simu-
lations and GOLD observations are leveraged to elucidate the latter. We have employed
TEC for direct comparisons, in conjunction with vertical drifts (ExB over the magnetic
equator) and electron density profiles (as independent parameters) obtained from WACCM-

X for more extensive investigations.

2.3 Global Ionospheric Specification (GIS)

GIS is a global ionospheric data assimilation that ingest the slant-TEC from ground
based GNSS receivers and space-based radio occultation measurements from COSMIC-
2 mission. The GIS updates the forecast at every hour by using the COSMIC-2 and GNSS
observations. It has a latitudexlongitude resolution of 5° x 2.5°, and vertical resolution

of 20 km in the 120-700 km altitudes. It uses Gauss-Markov Kalman filter with Inter-
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national Reference Ionosphere (Bilitza et al., 2022) as the background model. The GIS
global ionospheric data are used in several studies on ionospheric dynamical variabili-
ties (Lin et al., 2020; Rajesh et al., 2021; Oberheide, 2022). Further details on the GIS
assimilation can be found in Lin et al. (2017). The GIS data, for a day when EIA-X is
observed, are used here to see the time evolution. This assists in the interpretation of

the GOLD observations.
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Figure 1. GOLD nighttime disk observations of the post-sunset OI-135.6 nm airglow showing
X-pattern merging of EIA. The dashed line marks the geo-locations of the geomagnetic equator.

The EIA crests crossing is centered over the Atlantic Ocean to the east of South America.

3 Results

Figure 1 reports a representative example of the crossing of EIA crests as observed
by GOLD. For simplicity, here onward, we refer the crossing as EIA-X as it looks like
a cross sign. The image in Figure 1 combines three (skipping another three in between)
individual 15-minute scans made by each channel during 22:40 UT on 7 October 2019
to 00:10 UT on 8 October 2019. Although the total duration is one hour and 30 min-
utes, the majority of the EIA-X is visible in both first (22:40 - 23:10 UT) and last (23:40
- 23:10 UT) 30-minutes, but with lesser longitude coverage. The later UT scans are partly
combined at the western sides in Figure 1 to show better longitude coverage. The local
time (LT) at the sub-satellite location is approximately 20:30 hr, while at extreme east-
ern and western longitudes, it is about 21:30 and 19:00 hrs., respectively. Consequently,

in this case, the EIA-X is observed at around 20:30 LT over 45°W longitude. The west-



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

ern part of the EIA-X is closer to the sunset and therefore brighter compared to the east-

ern part.

Other cases of ETA-X have also been observed by GOLD, some of which are pro-
vided in the supporting information Figure S1. These occurrences are registered at lo-
cations both east and west of the one presented in Figure 1. Furthermore, there are cases
which exhibit the ETA-X over the Atlantic ocean with varying shapes. In most instances,
these features are observed during geomagnetically quiet times (Kp<=2), which is a unique
finding as the earlier reports (Aa et al., 2022; Wu et al., 2023) were during disturbed con-
ditions. Therefore, our investigation reports, for the first time, EIA-X during quiet ge-
omagnetic conditions. Additionally, there are indications of merging of EIA crests over
the Pacific in GOLD post-midnight observations (see examples in Laskar et al. (2020)).

A comprehensive analysis of the local time, seasonal, and solar activity dependence of

this pattern requires further investigations involving a larger number of cases.

For the case shown in Figure 1, we observed the EIA-X for approximately 2 hrs with-
out any significant eastward or westward movement. It is plausible that the feature may
persist even longer. GOLD is the only instrument capable of routinely measuring iono-
spheric emissions over a wide range of longitudes, enabling it to observe this phenomenon
repeatedly. Ground-based global navigation satellite system measurements, which are
constrained by their availability only over the continental landmass, are not able to cap-

ture this phenomenon as unambiguously or as frequently.

To further investigate the phenomenon and determine its underlying causes, we em-
ployed free-running WACCM-X simulations that are driven with constant low-solar and
quiescent geomagnetic conditions. Ideally, we should use a specified dynamics (SD) ver-
sion of WACCM-X to compare the same day with GOLD observations. But currently
available SD-WACCMX capability did not reproduce the ETA-X on the days when they
are observed in GOLD observations. However, since the OI-135.6 nm emissions are al-
most directly proportional to the square of the electron number density, a comparison
with TEC from free-run WACCM-X could offer valuable insights for the model’s further
applicability. Figure 2 reports two representative days of Electron Column Density (ECD,
a quantity similar to TEC but integrated to the model upper boundary, in a-b) and ver-
tical drift (in c-d) data from WACCM-X. There are numerous other examples (not shown

here), where we have observed similar ETA-X in WACCM-X ECD data. The local times
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at the location of the EIA-X crossing are approximately 18 hr (for 3 Jan.) and 19 hr (for
19 Sep.). On both days, the EIA-X first appears before sunset and persists until about

20 LT, without any noticeable longitudinal movement. After 20 LT, the electron num-

ber densities at the crossing location decay rapidly, creating a longitudinal discontinu-

ity (Laskar et al., 2020; Cai et al., 2023), while the eastern part (later local time com-
pared to X-location) persist till post-midnight, to appear as an early morning EIA (Laskar
et al., 2020). As the EIA responds to E-region drifts with a delay of at least an hour (Stolle
et al., 2008), the vertical drifts shown here are from one hour before the ECD time. In
Figure 2, there are two regions of negative vertical drifts: One in the evening sector near
the ETA-X (left side, marked with vertical dashed line) and the other is the typical night-
time downward drifts (right side). The evening sector negative drift that coincides with

the crossing longitude of the EIA-X, marked with vertical dashed line, is of interest here.

WACCM-X, 03 January WACCM-X, 19 September
Local Time (hrs) Local Time (hrs)
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Figure 2. Two examples of EIA-X in WACCM-X electron column density (ECD) are shown
along with E-region vertical drifts. On 3 January and 19 September the pattern occurred in be-
tween 17 to 20 LT. The vertical dashed lines at 52.5°W and 37.5°W mark the locations around
which the X crossings are observed for 3 January and 19 September, respectively. The vertical

drifts shown are from one hour before the ECD, therefore they have a different local time scale.
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We analyzed one year of free running WACCM-X data and observed that X-pattern
mostly occurred between pre-sunset and midnight. The pattern is not very frequent and
its occurrence does not have any preferential longitude or season dependence. It is im-
portant to note that in our simulations a negative (or very small) drift is a necessary but
not a sufficient condition for the occurrence of the EIA-X, as there are many cases where
negative drifts (even lower than -20 m/s) are observed in the afternoon or evening sec-
tor without any collocated EIA-X, but there is no EIA-X in the absence of negative (or
very small) drift. In general, the negative drifts are more pronounced one hour before
the occurrence of the EIA-X compared to that same hour. This is because the plasma
in the EIA crests responds to electric field changes after 1 to 2 hrs (e.g, Stolle et al., 2008).
As WACCM-X simulations can have more temporal and spatial coverages compared to
GOLD, we conducted further investigations on the local time variabilities of the verti-

cal drift, utilizing the WACCM-X states.
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Figure 3. Ionospheric vertical drift for 6 days of January is shown. Out of these 6 days, EIA-
X occurred at 55.0°+£2.5° W on days 3 and 5 (marked by the solid lines). Note the presence of
negative drift around the sunset (or pre-PRE) times, when we see the EIA-X. Also, notable is

that on the EIA-X days PRE starts about 2 hrs later than the other days.

The local time variation of the WACCM-X vertical drift, at approximately 160 km
over the location of the crossing, for six representative days is shown in Figure 3. Note
that the WACCM-X vertical drifts are very similar in the altitudes above 100 km, so only
a single altitude is considered from that range. As mentioned above, these are ExB drifts

that comes from dynamo action at E-region altitudes. Generally, for this longitude and
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season the drift is negative (downward) during pre-midnight to early morning and is pos-
itive during daytime and Pre-Reversal Enhancement (PRE) intervals (e.g,. Farley et al.,
1986; Fejer et al., 1991; Eccles et al., 2015). Notably, there are distinct negative drifts
during 16-19 LT on days 3 and 5, illustrated as solid lines. These are the two days where
EIA-X is observed in WACCM-X ECD (or TEC). Furthermore, on these two days the
early evening negative drifts stayed negative for longer duration, and the occurrence of
PRE is delayed. Similar scenarios are also observed for the 19 September and other cases
(not shown here). As a result, the ionosphere around sunset experiences a deviation from
the typical behavior, as it is not being uplifted as usual. Instead, the negative drifts fa-

cilitate a faster recombination of the ionosphere by moving the plasma to lower altitudes.

As WACCM-X provides a three-dimensional structure of the ionosphere, we can
analyze electron density profiles. Figure 4 shows an example from the 19 September event,
in which we see a single crest that is already developed at 16.5 LT and stays there un-
til 19.5 LT, i.e., it lasted for about 4 hrs. From the next hour (20.5 LT) the usual ETA
with two crests starts to develop again (not shown here). The dashed-curves indicate ap-
proximate locations of geomagnetic field lines as per Richmond (1995) calculations, with
international geomagnetic reference field 13*" generation coefficients (Alken et al., 2021).
Similar plots for the 3 January case is shown in supporting information figure S2, which
shows some similarity with Figure 4, but not identical. This shows that the negative ver-

tical drift hinders development of the plasma fountain effect and leads to a single peak.

Though the electron densities in Figure 4 appears as a single peak in the altitude
vs. latitude slices, when we view the latitudes and longitudes from above (integrated in
altitude) it appears as a merging of the crests, forming an X-pattern, as seen in Figure
2. There are several parameters that can impact the shape of the EIA crests. A strong
latitudinal or altitudinal gradient in the winds and drifts could play an important role
in the movement of the plasma in the east-west direction (Heelis, 2004; McDonald et al.,
2008; Rodrigues et al., 2012; Richmond & Fang, 2015; Khadka et al., 2018; Chen & Lei,
2019; Yamazaki et al., 2021). The aforementioned studies have shown that the tempo-
ral and spatial variation of zonal wind, meridional wind, and plasma drifts could impact
the EIA morphology. In this study, we have analyzed all these parameters from WACCM-
X for at least 10 different cases of ETA-X and found that the vertical drift is the only
parameter that shows a consistent and unique behavior. It is negative during 1 to 2 hrs

before the ETA-X occurrence, as shown in Figures 2 and 3. None of the other parame-
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ters show any consistent behavior. This could be due to the non-linear nature of the dy-
namics at E- and F-region altitudes, particularly around sunset. Further investigations
using electrodynamical calculation are needed to find out the exact mechanism that leads

to the negative drift.

WACCM-X Electron Density at 35.0°W on 19 September
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Figure 4. WACCMX electron number density at 35.0° W, where the X crossing is observed
between 19 and 22 UT. At about 16.5 LT the EIA merges into a single peak over the equator and

stays there until 19.5 LT. The horizontal dashed line marks the 250 km altitude.

As presented above, we have observed the time evolution of the EIA-X in a free-
running WACCM-X simulation, which shows that it develops during the pre-sunset hours
and persists for several hours after sunset. However, it remains uncertain whether the
real ionosphere behaves similar to what has been observed in the model simulation. To
address this question, continuous ionospheric observations over the Atlantic Ocean are
needed, particularly in the region where we have previously observed the EIA-X. Unfor-
tunately, such observations are not always available from ground-based GNSS receivers,

nor are they as comprehensive from COSMIC-2 observations.

Nevertheless, we can gain valuable insights by combining the GNSS and COSMIC-
2 measurements through data assimilation. For this, we utilized ionospheric TEC data

from GIS data assimilation system, which is described in the data section. Figure 5 re-

—11—
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ports the GIS TEC for the day when EIA-X was observed by GOLD, as shown above

in Figure 1. In Figure 5, the EIA-X forms at 20 UT (17 LT) with a merging at the same
location as in the GOLD data. The crossing location is marked with black dashed lines.
The west part of the crossing does not show a good agreement with either GOLD or GNSS-
TEC (not shown here). As the assimilation models and methods are being constantly
improved this type of discrepancies are inevitable. But the partial good agreement in

the location of the ETA-X between GOLD and GIS motivates us to use GIS to study the
time evolution. The X-crossing in GIS starts to develop at 20 UT (~17 LT) and stays

there beyond 24 UT (21 LT), when it was also seen in GOLD observations for 2 hrs. This
provides evidence that the EIA-X develops before sunset, as is also observed in the WACCM-
X data, and persists until post sunset. As such, it is very likely that the post-sunset EIA-

X observed by GOLD was formed in the hours preceding sunset.

GIS Electron Column Density (TECu) on 2019-10-07
18 UT 19 UT 20 UT (17 LT at X)

’Qm 25
25
20
20
15 15
10 10
5 5
21 UT (18 LT at X) 22 UT (19 LT at X) 23 UT (20 LT at X)
’ / ¢ 15
15 15
10
10 10
5 5 5

Figure 5. Global Ionospheric Specification (GIS) ionospheric electron content maps are shown
for the day in Figure 1. This shows that the EIA-X (marked with dashed X) is starting to de-
velop from 20 UT. It does not generate the exact EIA-X as we see in GOLD but does show the

development of the merged location exactly where we have seen it in GOLD.

—12—



282 4 Discussion

283 Though global TEC measurements are available for decades, they are limited by
284 longitude coverage to unambiguously display the full ETIA-X in TEC maps. Observations
25 of the large-scale merging of the EIA crests were reported earlier (e.g., Basu et al., 2009),

286 where the EIA merging extends from 60 to 90 degrees in longitude. But the merging ob-

287 served by the GOLD is much more limited to a narrow, ~10 degrees, longitude — see,

288 e.g., Figure 1. This makes our observation from GOLD a unique case, particularly dur-
289 ing geomagnetically quiescent times. Signatures of potential EIA-X are observed in the
290 night-side of the full disk images from GOLD, some examples can be seen in Figure 1

201 of Laskar et al. (2020). This feature was not completely and unambiguously observed

292 before the GOLD mission, due to the lack of simultaneous availability of wide spatial and
203 temporal measurements. GOLD is in a geostationary orbit, and it can scan a major part

204 of the disk in about 12 minutes. This unique capability of GOLD made it possible to ob-

295 serve this phenomenon repeatedly.

296 Earlier investigation also used GOLD observations and reported the merging of ETA
207 crests during geomagnetic storm (Wu et al., 2023) and Tonga volcanic eruption (Aa et

208 al., 2022). Our investigation, however, demonstrates that they are not the only processes
209 responsible for the generation of this phenomenon. Disturbances in equatorial ionospheric
300 electric fields could potentially generate an EIA-X even during non-disturbed times, as

301 we have observed in GOLD and WACCM-X results. Since the WACCM-X simulations

302 were conducted under constant low-solar and quiescent geomagnetic conditions, one of

303 the drivers behind this unexplained phenomenon apparently originates in the lower at-

304 mosphere. However, its sporadic occurrence and non-association with any systematic changes
305 in wind suggest that there is a complex underlying process, which is modulated by lower

306 atmospheric waves, that drives the negative drift and the consequent evolution of EIA-

307 X.

308 The occurrence of the EIA-X with a negative vertical drift sandwiched between two

300 positive drift regions that extends over all the latitudes suggests that large scale dynam-

310 ical processes are instrumental in shaping this phenomenon. We suspect that lower at-

311 mospheric large scale waves (e.g., tides and planetary waves) and their interaction with

312 mean flow play the leading role (England et al., 2006; Soares et al., 2019; Triplett et al.,
313 2019; Krier et al., 2021; Liihr et al., 2021; Maute, 2021; Yizengaw, 2021; G. Liu et al.,
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314 2022). However, further investigations are needed to find the mechanism through which

315 the lower thermospheric electrodynamics is modulated, which trigger the longitudinally
316 localized merging of the EIA crests. Understanding the dynamics involved will not only
317 enhance our knowledge of the ionosphere’s response to external drivers but also contribute
318 to improving space-based communications.

310 5 Summary and Conclusions

320 The merging of the EIA crests creating X-pattern (EIA-X) has been observed by

321 GOLD on numerous occasions during geomagnetically quiet periods. This phenomenon
322 has also been observed in the WACCM-X simulation and in global ionospheric data as-

323 similation. The observed variabilities in both the measurements and simulations lead to
24 the following conclusions:

325 1. GOLD nighttime observations showed that the EIA-X occurs over American lon-
326 gitudes and mostly in the post-sunset to midnight sector.

307 2. Model simulations show that the EIA-X can occur at any longitude and mostly

308 in the pre-sunset to midnight sector. It is preceded and/or accompanied by a neg-
329 ative or close-to-zero vertical drift. The negative vertical drift is a necessary but

330 not sufficient condition for the EIA-X occurrence.

331 3. Except the vertical drift, none of the other parameters from WACCM-X showed

332 a consistent behavior during ETA-X times.

333 4. While geomagnetic storms can induce the EIA-X formation, it is also observed dur-
334 ing quiescent geomagnetic conditions, suggesting that it can also be driven by lower
335 atmospheric processes.

336 5. Ionospheric data assimilation supports the WACCM-X results and shows evidence
337 that the ETA-X develops before sunset and stays there until about 21 LT.

338 The investigation into the specific lower atmospheric processes driving the E-region
339 dynamo, which subsequently leads to negative vertical drift and the X-pattern merging

340 of the EIA crests, needs to be further explored using nudged model simulations and the
341 thermosphere-ionosphere data assimilation. A comprehensive understanding of the dy-

342 namics during the pre- to post-sunset period will not only advance our knowledge of the
343 ionosphere’s response to external (lower atmospheric or geomagnetic) drivers but also

344 plays a crucial role in the development of space weather forecasting capability.
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Data Center (https://gold.cs.ucf.edu/search/) and at NASA’s Space Physics Data
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