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Key Points:

e The average nighttime EIA crests’ latitudes observed by GOLD during 2020 equinoxes
and December solstice have a longitudinal dependence

e Crests’ latitude dependence on longitude changes near 47°W geographic, where the
magnetic and geographic equators cross

e Crests’ latitudes over 75°W-10°E geographic longitude during equinoxes and winter
solstice depend on the subsolar point magnetic latitude
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Abstract

Each day the GOLD (Global-scale Observations of the Limb and Disk) imager observes
the Equatorial lonization Anomaly (EIA) near sunset from ~10° E to ~80° W geographic longitude.
Most images cover ~45° of longitude (~3 hours), and most longitudes are observed multiple times.
Monthly averages of EIA crests’ latitude (EIA lats) versus longitude during March, September and
December 2020 have been analyzed. The EIA lats reflect the combined influence of winds, solar
radiation, and fields (electric and magnetic) in the equatorial region. Winter solstice differs
significantly from the equinoxes, which are similar, but there are notable similarities between all
three. The similarities in the EIA lats during the seasons examined indicates that the magnetic
equator to subsolar point separation influences them in all three seasons and that it has a more
distinct, possibly more significant, influence than winds on the average latitudes.

Plain Language Summary

Each day the GOLD (Global-scale Observations of the Limb and Disk) imager observes
the nighttime Equatorial Ionization Anomaly (EIA) near sunset as the terminator progresses
westward from Africa to across South America. Most images cover ~45° of longitude (~3 hours
of local time), and most longitudes are observed multiple times. In 2020 seasonal averages of the
crests’ latitude versus longitude during the equinoxes (March and September) and winter solstice
(December) show significant, important similarities. The observed latitude versus longitude
dependence in all three show a dependence on the distance between the magnetic equator and the
subsolar point. Greater knowledge of the seasonal-longitudinal dependence of the EIA crests’
latitudes contributes significantly to understanding the crests’ response to fields (electric and
magnetic) and winds in the equatorial region.

1 Introduction

Longitudinal differences in the EIA are a source of information about spatial differences
in the processes that influence their creation and decay. Changes in their radiance have often been
linked to differences in the equatorial electrojet (EEJ) strength which are attributable to
longitudinal differences in solar tidal forcing (England et al., 2006; Fang et al., 2009; Jin et al.,
2008; Liihr et al., 2008; Pedatella et al., 2012; Liihr & Manoj, 2013; Venkatesh et al., 2015;
Yamazaki and Maute, 2016; Zhou et al., 2016; Mo and Zhang, 2020). Variations in the optical
dayglow radiances at the northern crest’s latitudes over Indian longitudes show a similar
relationship with the EEJ strength (Karan et al., 2016). The small scale (3°-7°) longitudinal
differences in the dayglow radiances have been attributed to variations of the equatorial electric
fields (Karan et al., 2017). Differences in the EEJ and and tides might also alter the latitudes. While
there have been multiple studies of the EIA radiances, the longitudinal dependence of the EIA
crests’ latitudes (EIA lats), where the radiances peak, is less studied. Observing such effects is
complicated by longitudinal variation in both the location of the magnetic equator and the magnetic
declination at the equator as well as neutral winds which are additional influences on the EIA.

Significant short term variability is seen in the EIA lats. Recently, Rodriguez-Zuluaga, et
al. (2021) found that the EIA lats observed by GOLD sometimes exhibit a mesoscale structure (a
few thousand km scale size), indicating that they may be influenced by waves from the lower
atmosphere. Other periodic, longitudinal variations in the EIA crests’ brightnesses are also seen
(e.g., Eastes et al., 2019, Fig 3; Gan et al 2020, Fig. 2), as are occasional decreases in their
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separation (e.g., Basu et al., 2009). Such decreases have sometimes been sufficient to reduce the
two crests typically observed to a single crest located near the magnetic equator (e.g., Aa et al.
2022).

The EIA around the South Atlantic Anomaly (SAA), where largest low-latitude deviations
in Earth’s magnetic field occur, is one of the most interesting longitude regions. The magnetic
equator is north of the geographic equator near Africa and south of it over South America,
Unfortunately, concurrent observations of the EIA across the SAA region have been insufficient
for a comprehensive study. Both ground and space based observations have limitations - there are
few ground based observations over Africa and radiation in the South Atlantic Anomaly (SAA)
can interfere with space-based observations by low Earth orbiting satellites (e.g., Kil et al., 2006).
These same longitudes, in and near the SAA, are observed during GOLD’s nighttime disk imaging.
Each night GOLD, whose orbit places it safely above radiation in the SAA, routinely images the
EIA crests throughout this region. These images provide an opportunity to study the EIA and,
possibly, to better understand it at all longitudes.

Every evening the GOLD mission observes the same region of the EIA near sunset with
sufficient signal-to-noise to locate the EIA crests over South America, the Atlantic Ocean, and
West Africa. This paper presents our analysis of EIA lats versus longitude during both equinoxes
and December solstice in 2020, a solar minimum year with relatively quiet geomagnetic
conditions. Monthly averages are used to simplify the identification of systematic, global-scale
dependences. Such averages suppress the effects of short term variability in the EEJ and the winds.
Any remaining, distinct patterns should be indicative of underlying processes that influence the
EIA. The results indicate that the EIA lats have an often neglected dependence on the latitude of
the subsolar point.

2 Data

The observations used in the analysis are nighttime, partial disk scans by the GOLD
imager, which is hosted on the SES 14 satellite in geostationary orbit at 47.5° W. The instrument
and its observations have been described by McClintock et al. (2020a, b) and Eastes et al. (2017,
2020). Each of the two, independent channels contains a scan mirror and interchangeable slits,
enabling each channel to observe either the northern or southern hemisphere.

During 2020 GOLD conducted nightside imaging observations (partial disk scans, NI1
mode) daily, beginning at 1700 satellite local time (SLT) (2010 UT) with a 30-min cadence, using
only one channel (designated as channel B), alternating between the northern and southern
hemispheres. At 2000 SLT (2310 UT), when both channels were used for nightside scans, both
hemispheres were imaged simultaneously at a 15-min cadence. This imaging continued until 2130
SLT (0040 UT) when observations were suspended to avoid accidentally observing the Sun. Each
night 24 images (each covering half the latitudes) were obtained. The medium-resolution slit used
during the partial-disk scans provides ~0.3 nm spectral resolution and a spatial resolution of
~93 km (96 km X 80 km) at the sub-satellite location (0° geographic latitude, 47.5° W longitude).
Observations were made at a constant angular resolution.

Most individual scans cover ~45° in longitude, ~3 hours in local time, just east of the sunset
terminator. Scans shift westward throughout the evening, observing the low latitudes from ~8° E
to ~80° W longitude. Each scan images EIA locations from ~1 hour after sunset to later local times.
The observation sequence is described in detail by Karan, et al. (2020). At night the EIA typically
appears as bands of enhanced OI 135.6 nm emission, one on each side of the magnetic equator.
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An example of the EIA images (from March 30, 2020) can be seen in Figure 1(a). The OI 135.6 nm
emission altitude is assumed to be 300 km, a typical altitude for the F region peak, when
geolocating the pixels. An example of the EIA lats obtained from the nightly sequence of images
is shown in Figure 1(b) where each data point represents a peak in a crest’s brightness (the method
is described in Section 3). The geographic longitude corresponding to the magnetic longitude (used
during the analysis) is also shown in this figure.

The OI 135.6 nm emission from the EIA is produced by recombination of atomic oxygen
ions and electrons in the Earth’s ionosphere. In the F region oxygen ions are the dominant ion
species. Since the emission rate varies approximately as the square of the electron density, as ne X
no+, the observed radiance is dominated by emissions from near the peak in electron density and
is indicative of the peak plasma density, Nmax.
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Figure 1. (1a) Composite image constructed from portions of four nightside (NI1) images taken on
March 30, 2020. The geographic latitude variation of the EIA crests with geographic longitude seen in
these images can be clearly seen in the crests’ peak latitudes, as shown in (1b) after mapping into
magnetic coordinates. (1b) Both crests’ latitudes identified in nightside images from March 30, 2020
(DOY 90) at latitudes within 21° of the magnetic equator are included in the analysis. At most longitudes
there are multiple images of the crests, hence multiple latitudes are shown in 1b.

This paper examines the nightside, NIl observations during March, September and
December 2020. The first two months are near equinox and the latter is near winter solstice in the
northern hemisphere, periods when bright emissions are observed from the EIA. Bright emissions
allow a more accurate and consistent determination of the EIA lats; brightnesses during June
solstice were too low to obtain good statistics or sufficient longitudinal coverage. In June crest
latitudes were retrieved on only 9 days and only over Africa. Geomagnetic conditions, which can
be a significant influence on the EIA lats, were relatively quiet during most of these three months.
A notable exception was a late September CIR storm (Sept. 22-30; Karan et al., 2021), which was
excluded from the analysis. After excluding that storm, any changes associated with the remaining
Dst and ap fluctuations during March, September and December (Figure 2) have little effect in
monthly averages.
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Geophysical Data During Months Studied
September 2020 (a)
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Figure 2. Geophysical data for September, December and March 2020. The Dst and ap indexes
are plotted in black and red, respectively. The F10.7 index is plotted in blue. Crest latitudes
during the CIR storm in late September (22-30) were excluded from the monthly average.
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3 Analysis Method

While the GOLD data are mapped into geographic coordinates during processing, the EIA
crests are more readily analyzed in their natural coordinates, magnetic. Therefore, all images are
remapped using the quasi-dipole (QD) magnetic coordinates corresponding to the observed
geographic coordinates (Laundal and Richmond, 2017; Thébault et al., 2021). A one day sequence
of such images is shown in supplementary Figure S1. From the remapped images, the OI 135.6 nm
radiance as a function of magnetic latitude (mlat) is obtained for each 1° in magnetic longitude
(mlon). These radiances are smoothed over 3 points (i.e., 1.5° in mlat), and the maxima correspond
to the EIA lats used in subsequent analysis. Following this procedure, EIA lats are obtained for
each night. An example, from March 30, is shown in Figure 1(b).

While longitudes near the western edge of South America are measured only once each
night (see the data points near 80° W in Figure 1b), most longitudes are sampled multiple times,
typically 4-5 times. Consequently, multiple crest latitudes are identified at most longitudes on a
given night (see Figure S1). While there is some variation in the EIA lats, due to the signal-to-
noise limitations of the data, the latitudinal changes with longitude shown in Figure 1b are
consistent with the images shown in Figure 1a and the other images (Figure S1) from March 30.
A similar correspondence is typically seen throughout March, September and December 2020.
Therefore, the observed latitude versus longitude dependence is primarily attributable to the EIA
development prior to the earliest NI1 observations, which was ~1 hour after sunset. While the EIA
brightness typically decreases with time due to recombination, the latitude-longitude variation
appears to persist from the earliest to the latest observations. During GOLD’s observations (1700-
2130 SLT; 2010-0040 UTC, observations end on the following day) the observed latitudes are
more indicative of the crests’ development before 1700-2130 SLT.

Before further processing, the crests’ latitudes in each 1° mlon bin for a day (e.g., as in
Figure 1b) were filtered to remove outliers (crest latitudes likely attributable to noise). Filtering
removed latitudes (a) deviating by more than half the mean value (when > 3° latitudes were
available in the bin), (b) attributable to known artifacts in the data, or (c) at magnetic latitudes
greater than 21°, 22°, and 30° from the magnetic equator in the March, September and December
observations respectively. From the EIA lats satisfying these conditions, a daily mean was
calculated for each hemisphere, north and south, using 5° magnetic longitude bins. The monthly
average of the crests” magnetic latitudes as a function of mlon for September is shown in Figure
3a. Magnetic latitudes of the northern and southern (absolute value) crests are plotted as red o’s
and blue X’s, respectively. The latitudes shown have been smoothed over three, 5° longitude bins.
The average latitudes of the crests (north and south) are plotted as green *’s. The error bars are
representative of the +1c¢ standard deviations at selected longitude bins. However, the latitudes are
not completely independent, substantial correlations (>0.6 in Sept.) occur between the latitude
displacements from the means for widely separated longitudes. Consequently, differences
persisting across multiple longitudes can be meaningful even when they are smaller than the error
bars for individual longitude bins. Persistent deviations that are of similar magnitude to the
uncertainties shown but persist for numerous longitude bins are plausibly significant. Such
behavior is also consistent with the influence of physical processes in the thermosphere and
ionosphere having spatial scales larger than the longitudinal grid used.
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Average Magnetic Latitude versus Magnetic Longitude for Months Studied
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Figure 3. Monthly average of the absolute value of the magnetic latitude of the EIA crests as a function
of magnetic longitude (green *) for (a) September (equinox), (b) December (solstice), and (c) March
2020 (equinox). Also shown are the latitudes of the northern crest (red ©), and absolute value of southern
crest (blue X). (See text for a complete explanation of the averaging process). The yellow vertical line at
26.5° mlon indicates the longitude where the magnetic and geographic equators cross. The magnetic
latitude shifts are consistent with displacing both crests in the same geographic direction. The changes
in separation and location near where the equators cross indicate there are significant seasonal-
longitudinal differences in the EIA latitudes.

4 Results and Discussion

As shown in Figure 3a and 3c, during equinox the monthly averaged EIA lats have a
minimum near 26.5° magnetic longitude (vertical, yellow line, ~50° W geographic longitude).
Each of the crests, north and south, exhibits a slightly different longitude dependence. The crests
in both hemispheres show similar trends during Fall and Spring equinox. Relative to the north-
south averages, the southern crests in the west are at slightly lower latitudes (~2°) than the northern,
and the displacements reverse at the most eastern longitudes. During December solstice even larger
southward shifts, ~4°, are seen at the eastern longitudes. These shifts are consistent with a
southward shift, geographically, of both crests which, at the eastern longitudes, increases the
magnetic latitude of the southern crest and decreases that of the northern. These relatively
consistent patterns in the monthly averages indicate that identifiable processes are probably
responsible, that the shifts are not random.

As discussed in the introduction the EIA lats and their symmetry with respect to the
magnetic equator depend on several influences, including the ion production and loss rates
(primarily at local times prior to sunset), neutral winds, tides, electric fields (e.g., Fang et al., 2018),
and magnetic field configuration. Next, these influences on the nighttime crests’ latitudes are
discussed.

Neutral winds, tides and electric fields: Since the effects of neutral winds, tides and the
resulting electric fields are intertwined, their effect will be discussed jointly. Each is a possible
source of latitudinal shifts. Shifts due to meridional winds have been reported (e.g., Khadka et al.,
2018 and references therein). Both longitudinal (e.g. England et al., 2006) and seasonal (e.g. Hedin
et al., 1991 or Liu et al., 2006) differences in the winds are widely recognized. These differences
may introduce seasonal (equinox versus solstice) and the longitudinal (east versus west) signatures
in the EIA lats. Similarly, longitudinal differences in the winds have been associated with tides.
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One of the most prominent differences in the winds due to tides is associated with the
landmass distribution (e.g., England et al., 2006). Since most of the eastern longitude region that
GOLD observes is over the Atlantic while the western longitudes are over South America, stronger
DE3 tides and associated tidal intereactions (Oberheide et al., 2011) would be expected at the
western longitudes. Consequently, similar longitudinal effects would be expected at solstice and
equinox, but there are significant seasonal differences. Therefore, other effects or combination of
effects appear to have a larger influence on the EIA lats.

Seasonal differences in the meridional winds are associated with differences in the solar
energy received, north versus south. Models and the available observations both indicate that the
winds are similar for all three seasons.

Winds from HWM 14 (Drob et al., 2015) near the start of the observations, approximately
one hour after sunset, are similar at all the longitudes and months that GOLD observed. For
example, in September, at both 75° W (near the maximum separation) and 45° W (near the
minimum) northward winds reach ~10 m/s and zonal winds ~100 m/s at latitudes near the EIA.
Winds could shift the crests’ latitudes northward, increasing northern and decreasing southern
latitudes. Winds also alter the neutral composition slightly (Liu et al., 2009), which would slightly
alter ion production and loss (discussed later) rates, but the effects are expected to be small. At the
western longitudes, where the largest displacements are seen, the northward latitude shifts shown
in Figure 3a for September are consistent with those from HWM 14. However, the HWM 14 winds
in December are inconsistent with the observations because the crests at the eastern longitudes are
shifted opposite the meridional winds. The data used in HWM 14 could be a factor. HWM 14 is
expected to perform best in the American sector where it was updated from a previous version to
include ground-based observations from the American sector and the South Pole. The model
incorporates fewer data from the African sector where Fisher et al., (2015) reported Fabry-Perot
Interferometer measurements from the Ukaimeden Observatory in Morocco (31.2° N, 7.9°W;
19.7° magnetic) from Nov 2013 to Dec 2014 that differ from the model.

However, longitudinally averaged dayside observations by the Ionospheric CONnections
(ICON) mission also show northward winds, consistent with HWM 14, during all three months.
ICON observed significantly (2-5 times) stronger winds at low latitudes during solstice (Figure 4).
Immel et al., (2021) found, in 23-31 March 2020 ICON observations, meridional ion velocities at
the equator that varied with longitude (e.g., their Figure 3) but were smaller (< 10 m/s) than the
mean, equatorial neutral winds in Figure 4. The ion velocities observed in March are even less
significant relative to the neutral winds in September and December. Without the strong northward
winds during solstice, even larger southward displacements would be expected.

Nightside winds during the GOLD observations are probably northward also. Since the
available observations are consistent HWM 14 on the dayside, it is plausible to infer nightside
winds from HWM 14. Since those are also northward, significant longitudinal differences in the
average neutral winds would be necessary to explain the observed latitudes. This seems unlikely
for all three months. During both equinoxes the EIA crests are displaced northward over South
America but southward over Africa. Similarly, during December only the eastern longitudes are
significantly displaced relative to the magnetic equator. These results are consistent with dayside
processes playing a key role in the post-sunset structure of the EIA crests. Furthermore, this
indicates that the observed displacements probably have other or additional causes than winds
alone.
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Figure 4. Mean meridional winds at 250 km observed by ICON as function of latitude and day
0f 2020. Tides have been removed.

Winds can also influence the vertical drifts, which have been linked to the strength of the
EIA, but few studies have investigated the longitude dependence. Fejer et al. (2008) have shown
that during equinox upward drifts increase from ~70° W to 0° in the evening (see their Figure 8).
Therefore, their observations would not explain the longitude dependence shown in Figure 3. Kil
et al. (2008) used ROCSAT-1 data to extract vertical plasma drifts near the equator and found a
wave-4 pattern that was used to reproduce a similar pattern in electron density (Fang et al., 2009).
Models have shown similar results (e.g., Pedatella et al., 2011). Since the wave-4 pattern is a tidal
effect further discussion is presented in the next section.

Magnetic declination, PRE and PSSR: In addition to the electric fields associated with
the neutral winds, there are longitudinally localized field effects in the pre-reversal enhancement
(PRE) and post sunset rise (PSSR), both of which have longitudinal-seasonal variations related to
the magnetic declination. These are a recognized cause of longitudinal differences in the EIA, and
the largest declinations at low-latitude are over South America. GOLD nighttime observations
encompass these longitudes which also have the largest offsets between Earth’s magnetic and
geographic latitudes. At the westernmost and easternmost longitudes, the magnetic declination J
is near zero. Near the region where magnetic and geographic equators cross, d is ~ -20° as shown
in Figure 5. Consequently, the interaction between constant winds and the Earth’s magnetic field
can vary substantially with longitude, and similar effects are expected during Spring and Fall
equinoxes. If we denote the geographic zonal and meridional wind components as Ug and Vg, then
the magnetic meridional component can be expressed as Vir = Vg cos(d) + Ug sin(d) (equation 3
of Luan and Solomon, 2008). Note that, the equatorward meridional wind components are positive
—1i.e., southward directed in the northern hemisphere and northward in the southern hemisphere —
and the upper (lower) sign applies to the northern (southern) hemisphere. Consequently, Vi and
V6 can differ significantly when 6 is nonzero and a strong zonal wind is present. Thus, longitudinal
asymmetries in the crests can occur, depending on the local magnetic field configuration. Eastward
of the equators crossing, approximately where changes in the crests’ latitudes occur, Vi decreases;
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therefore, one should expect the minimum displacements and symmetric locations if wind-
magnetic field effects dominante. Since the observed latitudes during some months are clearly
inconsistent with that expectation, that effect alone is clearly insufficient.

The magnetic declination angle also affects the PRE which is stronger when the sunset
terminator and magnetic field lines are aligned (Abdu et al., 1981; Tsunoda, 1985). These effects
are most prominent over eastern South America, resulting in stronger postsunset vertical ion drifts
during December solstice, when the sunset terminator and magnetic field lines are more aligned
than during June solstice, as observed in AE-E and ROCSAT-1 measurements (Fejer et al.,1995,
2008). Fejer et al. (2008, Figure 8) found that the seasonal, longitudinal variation of PRE during
December solstice had a maximum at ~45° W. That does not match the observed variations the
EIA lats in December (Figure 3b). During eqinox, the PRE trends higher rom 75°W to 0° longitude,
which does not match the observed EIA latitudinal variation (Figures 3a, 3c). Therefore,
longitudinal differences in PRE (alone) would not explain the observed EIA latitudes.

Even though the PRE is weak the PSSR of the F layer, to which PRE contributes, can be
strong (Tsunoda et al., 2018). The similarity between the longitudinal behavior of the EIA crests
latitudes in September (Figure 3a) and the magnetic declination versus longitude plot, shown in
Figure 5, prompted us to examine the solar terminator to magnetic field alignment. Because, when
the terminator and magnetic field are aligned, sunset is near simultaneous at magnetically
conjugate points, as discussed earlier. Since this can enhance the PSSR, producing conditions
favorable for ionospheric depletions and scintillation, it might also influence the EIA latitudes.
Figure 6 shows how the average magnetic latitude changes with the magnetic declination to solar
terminator (D-T) angle for March (blue), September (red ), December (green), at locations west
(+, X or *) and east (¢, % or o) of the minimum declination. For equinox the terminator is
assumed to be parallel to the latitude meridians; for December solstice the average inclination to
the meridians (21.2°) is assumed.

As seen from Figure 6, there is no apparent dependence on the declination-terminator angle
in March and December. If the D-T alignment alone were responsible for the observed longitudinal
changes in magnetic latitude, a similar dependence should occur during both equinoxes. It should
also be expected during December solstice because the D-T angles over Africa reach similar values
to those during equinox over South America. In December the D-T angle varies significantly
across the longitudes observed, and as discussed earlier, east of ~40° W longitude both crests are
offset south (magnetically) relative to the magnetic equator. Clearly the D-T alignment alone is
not the dominant factor in determining the EIA lats.

The large latitude shifts observed during December solstice probably eliminate the PSSR
electric fields from a primary role. During December previous analyses at solar minimum indicate
that the average PSSR would be weak over the longitudes with large shifts. Consequently, a ~4°
shift in latitude seems unlikely during the brief ~1 hour period typical for the PSSR. Also, the
observed latitude of the EIA at each longitude is observed from ~1 hour after sunset to later local
times and changes little during the evening hours. Similarly, comparisons with TEC data from
earlier local times appear to show a similar latitude versus longitude structure pre and post sunset
(e.g., Cai et al., 2020). To summarize, since latitude shifts of ~4° are observed and these shifts do
not show a distinct dependence on the D-T angle, additional mechanisms must be significant and
declination effects alone cannot explain the observed crests’ latitudes.
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320  Figure 6. The dependence of the crests’ average latitude on the magnetic declination to terminator (D-T)
321  angle in December and March are similar. Both differ from September. This indicates that other factors
322 must influence the latitudes. Averaged magnitudes of the EIA lats for March, September and December are

323 shown in blue, red and green respectively. For each month points west (+, X or *) and east (¢, % or 0)
324  of the minimum declination are shown.

325 Ionization and radiative recombination: Ion production at night is insignificant,
326  essentially all the nighttime ionosphere is residual ionization produced during the daytime. While
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the daytime production provides the initial ion densities which the other processes modify,
resulting in the peak densities GOLD observes. Radiative recombination (O* + ¢) can play a more
important role. It influences the peak electon densites and TEC in the nighttime ionosphere. Since
winds preferentially move ions along the magnetic field, the peak altitude of ionosphere in the
equatorial region also changes, increasing or decreasing as they move along the magnetic field. As
the altitude increases (decreases) the volume number densities decrease (increase) which decreases
(increases) the recombination rates. Consequently, asymmetries in the peak densities are likely to
increase with time. Radiative recombination effects should not significantly affect the average
locations shown in Figure 3 because all longitudes are observed near sunset, at similar local times.
This expectation is consistent with a small set of GOLD images of the Eastern longitudes were an
additional images were made at later local times. Those images were approximately 1 hour later
than the first images near Africa. Changes in the EIA latitude were small even with approximately
twice the time since sunset. Given the seasonal dependence of the neutral winds, etc. radiative
recombination is expected to influence the observed latitudes of the EIA, but it is expected to be a
small effect based on the observations. That expectation is consistent with modeling (Cai et al.,
2022) for times when distinct changes in the EIA latitude are observed on an hour time scale.
Furthermore, observations of such rapid changes in latitude are atypical in the GOLD data.

Subsolar point: There is an additional seasonal effect to consider beyond those associated
with the winds, tides, and magnetic field geometry discussed above: the subsolar point location.
During both equinoxes the subsolar point at most longitudes over South America is north of the
magnetic equator and south of it over the Atlantic Ocean and Africa. During December solstice
the subsolar point to magnetic equator separation reaches ~30° at longitudes over the Atlantic
Ocean and Africa. Shown in Figure 7 is the average separation for each month analyzed. Average
values for the two equinox months, September and March, differ slightly because days during the
CIR storm in late September were omitted. Some dependence on the subsolar point is not
surprising since ion production rates on the dayside have a solar zenith angle dependence and the
nightside ionosphere in the EIA within a few hours of sunset (where GOLD observes) consists
primarily of ions produced on the dayside.

The equinox observations exhibit a dependence on the subsolar point location at longitudes
where the separation between the equators is greatest within GOLD’s field-of-regard (FOR). The
EIA lats in March and September, Figure 3a and 3¢, show northward displacements (north crests
to higher and south crests to lower magnetic latitudes) of both crests at most longitudes west of ~
-40° W. Shifts in the opposite direction are seen at the most eastern longitudes but are less
prominent, although the subsolar-magnetic equator separation is similar in both the east and west.

A dependence on the subsolar point location is also consistent with the December
observations (Figure 3b) and the stronger, northward winds during solstice. At the eastern
longitudes the crests are displaced as much as 6° southward, but in the west displacements are
negligible. If the subsolar point location were the only influence, as seen from Figure 7 one would
expect similar latitude changes at the western longitudes for both seasons since subsolar-equator
separations are similar.

A similar dependence on subsolar point to magnetic equator separation has been reported
for dayside observations. Balan et al. (2013) found that the north-south asymmetry of TEC in the
EIA at equinox during magnetically quiet conditions seemed more dependent on the displacement
of the equators than on the declination angle. They examined Constellation Observing System for
Meteorology ITonosphere and Climate (COSMIC) data and found weaker asymmetries at smaller
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magnetic equator displacements (15° W-75° W geographic) than at larger (60° E-120° E and
60° W-120° W). As shown in their Figure 1, the displacements within GOLD’s FOR have similar
maximum absolute values in the Eastern (~10° W geographic) and Western (~70° W)
observations, but GOLD shows more prominent displacements at the Western longitudes.
Although their results indicated that the declination angle is a significant factor in the TEC
asymmetry, that is not apparent in GOLD’s peak density observations. As in GOLD’s
observations, their TEC data indicated that the displacement of the equators is a significant factor.

Likewise, a study of daytime GNSS TEC asymmetries in the 110° E geographic longitude
sector during the 2000 to 2011 solar cycle by Huang et al. (2013) also found that the subsolar point
location helped explain changes in the EIA. Their results indicated that the magnetic declination
angle was also a factor but did not quantify the relative contribution. The observations from GOLD
indicate that the subsolar point is a significant factor at night also, that its average influence may
be more significant than that of neutral winds, tides or magnetic declination. Consequently, the
subsolar point should be considered when examining the EIA lats (e.g., Oyedokun et al., 2020) at
longitudes where the equators have significant separation.

Subsolar-Mag. Equator Separation

20 = T T T T T T \ T
E [ [ [ [

o E

% -

= 10

c

o =

8 E

S oE

S E

° =

o -

g -10

g -

[

%) -

§ 20 & Equator

,_::_) - Sept

% - March

55-30 arc

o) e

8 = Dec
_40:111 c v b b b
-100 -80 -60 -40 -20 0 20

Geographic Lon. (deg.)
Figure 7. Each month studied has the same separation change with longitude but the mean
subsolar-magnetic equator distances differ. March and September differ because some
geomagnetically disturbed days during the latter were excluded. The geographic latitudes of the
magnetic equator shown were used to calculate the mean separation from the subsolar point.

Since ion production rates are highest at the subsolar point a depdence on it during the
daytime is expected. Some dependence at night, especially near sunset, should be expected since
changes in the distribution are a result of time dependent processes that occur after the ions are
produced. Depending on the rate of these processes and the time of the observations, the
ionospheric densities observed at night can and should have a significant dependence on the local
ion production rates on the dayside. Effects from the other processes discussed earlier (winds,
tides, PSSR, PRE, etc.) will influence the electron distrution, but all begin with the electron
production rates on the dayside. Electron production maximizes at the minimum solar zenith angle,
corresponding to the subsolar point. GOLD’s observations indicate that at solar minimum the
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average nightime EIA latitude for times near sunset is not completely dependent on the processes
occurring after the ions are produced.

Conclusions

Monthly averaged latitudes of the EIA crests from GOLD nightside disk (NI1)
observations show statistically significant differences during geomagnetically quiet conditions.
Observations from two equinox (March and September) and one solstice (December) months of
2020 were analyzed. The magnetic latitudes of the north and south crests during all three months
(Figure 3) have a different dependence on longitude.

Several possible causes for the observed changes were considered. The influence of winds,
tides, and magnetic fields (declination) were not consistently distinguishable over seasons and
longitudes. Since data from GOLD cover the same range of EIA longitudes (~80° W to 10° E
geographic) each day, the observed variations with longitude were examined for consistency with
the longitudal dependence of each possible cause of latitude changes with longitude. While winds,
tides and magnetic declination will contribute to the observed changes, all of them were
inconsistent with the observed behavior. For example in December, the crests over Africa are
displaced southward while those over South America were not displaced, although the neutral
winds should be northward and similar in both regions.

One influence that does appear to be consistent with the observed latitude changes in all
three months is the subsolar point to magnetic equator separation. As the distance to the magnetic
equator increases at either the east or west longitudes, both the northern and southern crests exhibit
shifts toward the subsolar point. For example, during December solstice both crests are shifted
southward by as much as ~6° at longitudes over Africa where the subsolar point is south of the
magnetic equator by as much as ~30° but are near the equator at longitudes over South America
where the subsolar point is near the magnetic equator. In the data examined there is a
correspondence between the latitudinal displacement of the crests and distance between the
subsolar point and magnetic equator.

While some previous studies of TEC in the daytime EIA found both the subsolar point and
the magnetic declination have identifiable effects, GOLD’s observations of the peak densites in
the nighttime EIA indicate that the subsolar point dependence is the most distinct in seasonal
averages . Since previous studies spanning a complete solar cycle found similar effects in daytime
TEC during solar minimum and maximum, the effects observed by GOLD during solar minimum
are also expected during solar maximum. Further studies, including simulations and modeling, that
consider all the influences on the location of the EIA crests will be needed to understand the effects
of each in GOLD’s observations.

These results suggest that GOLD’s observations of the nightside EIA structure could
provide a daily picture of the integrated effects of ionospheric processes, with information about
the longitudinal differences in the low latitude processes from western South America to Western
Africa. Since LEO satellite observations at low latitudes over South America are frequently
problematic due to the South Atlantic Anomaly (SAA), GEO observations of that region provide
a unique opportunity to expand our understanding of the thermosphere-ionosphere system.
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