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Key Points:

e Observed nighttime EIA crests latitudes over South America decrease with increasing
magnetic longitude near 26° (47° W geographic)

e The average decrease, ~2°, suggests that the influence of equatorial electric fields over
South America decreases as longitude increases

e Crest latitudes sometimes show periodic changes of approximately six days that may
indicate the influence of mesospheric waves
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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 ~8° E to ~80° W geographic longitude.

Most images cover ~45° of longitude (~3 hours), and most longitudes are observed multiple times.
The variation of EIA crests latitude with longitude during March 2020 has been analyzed. A
significant, ~2° change in the average separation of the EIA crests occurs near 26° magnetic
longitude (47° W geographic), where the geographic and geomagnetic equators cross. The crests
are more separated westward of the equators crossing. This indicates that the influence of the
equatorial electric field varies substantially with longitude in this region. In addition, near 26°
longitude the latitude of the northern EIA crest is ~1° higher, but the difference systematically
decreases with longitudinal distance from there. Also, day-to-day trends in the separation are seen
during some periods of the month.

Plain Language Summary

Each day the GOLD (Global-scale Observations of the Limb and Disk) imager observes
the nighttime Equatorial lonization Anomaly (EIA) near sunset as the terminator progresses from
Africa to across South America. Most images cover ~45° of longitude (~3 hours of local time),
and most longitudes are observed multiple times. The longitude dependence of the EIA crests
latitude during March 2020 has been analyzed. A significant, ~2° change in the average separation
of the EIA crests occurs near 26° magnetic longitude (47° W geographic), where the geographic
and geomagnetic equators cross. The crests are more widely separated to the West. This indicates
that the influence of the equatorial electric field varies with longitude in this region. In addition,
near 26° magnetic longitude the latitude of the northern EIA crest is ~1° higher, but systematically
decreases with longitudinal distance from there. Also, day-to-day trends in the separation suggest
that the latitudes may be influenced by 6-day waves in the mesosphere.

1 Introduction

Longitudinal variations in the EIA radiance have been linked to similar variations in the
equatorial electrojet (EEJ) strength that 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, Hagan,
et al., 2012; Liihr & Manoj, 2013). Variations in the optical dayglow emission radiances at EIA
north-crest latitude 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 are
attributed to variations of the equatorial electric fields (Karan et al., 2017). However, the
longitudinal variability of the EIA crest latitude, i.e. the peak radiance of the crests, is less studied,
and the longitudinal changes in EEJ strength that have been credited with changing the EIA
radiance may also change its latitude. Each night GOLD provides images of the EIA crests. These
observations provide an opportunity to better understand the longitudinal and temporal variations
in the latitude of the EIA crests and possibly the equatorial electric (E) fields.

While periodic variations in the EIA crests as a function of longitude are sometimes seen
(e.g., Eastes et al., 2019, Fig 3; Gan et al 2020, Fig. 2), equally striking are occasional decreases
in their separation (e.g., Basu et al., 2009) which are also seen in the GOLD observations. In
random examinations of the data such occurrences were most frequently seen east of ~47° West
geographic longitude (glon) where the geographic and geomagnetic equators cross. Such decreases
have sometimes been sufficient to reduce the two crests typically observed to a single crest located
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near the magnetic equator. Since the equatorial E field strength is associated with the latitude of
the EIA, an interesting question is: what can the EIA latitude as a function of longitude tell us
about the influence of E fields at low latitudes?

Earth’s electric fields in the ionosphere-thermosphere are not sufficiently understood, and
the equatorial fields have been examined in several recent papers (e.g., Soares, et al., 2018; Wang,
et al., 2020) using models and observations in efforts to understand the effects of geometry and
tides. Recently, Rodriguez-Zuluaga, et al. (2020) found that the EIA crest latitudes observed by
GOLD sometimes exhibit a mesoscale structure (a few thousand km scale size), indicating that the
EIA crest latitudes are influenced by atmospheric waves from the lower atmosphere.

During the first two years of observations by the GOLD mission, geomagnetic conditions
have been exceptionally quiet. Each evening the mission observes the same region of the EIA near
sunset with sufficient signal-to-noise to determine the EIA latitude over South America, the
Atlantic Ocean, and West Africa. This paper presents our analysis of observations from March
2020, a month with no significant geomagnetic activity with the goal of better understanding what
additional insights GOLD observations of the EIA crests latitude may provide.

2 Data

The observations used in the analysis are partial disk scans of the nightside 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 them to observe either the north or south hemisphere.

GOLD conducts nightside imaging observations (partial disk scans, NI1 mode) daily,
beginning at 1700 satellite local time (LT, 2010 UT) with a 30-min cadence, using only one
channel (designated as channel B), alternating between the northern and southern hemispheres. At
2000 LT (2310 UT), when both channels are used for nightside scans, the cadence increases to 15-
min for simultaneous imaging of both hemispheres. This imaging continues until 2130 LT (0040
UT) when observations are suspended to avoid opportunities to accidentally observe the Sun. Each
night 24 images (each covering half the latitudes) are 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. 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. At EIA latitudes the western edge of each scan images the EIA ~1 hour after
sunset. The observation sequence is explained in detail by Karan et al., 2020. At night the EIA
typically appears as bands of enhanced Ol 135.6 nm emission, one on each side of the magnetic
equator. An example of the EIA images (from March 30, 2020) can be seen in Figure la. The
emission altitude for Ol 135.6 nm is assumed to be 300 km, a typical altitude for the F region peak,
when geolocating the pixels. An example of the EIA crest latitudes obtained from the nightly
sequence of images is shown in Figure 1b where each data point represents a peak in the crest
brightness (the method is described in Section 3).

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
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species. Since the emission rate varies as ne X no+, approximately as the square of the electron
density, the observed radiance is dominated by emissions from near the peak in electron density
and is indicative of the peak plasma density Nmax and its spatial variation.
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Figure 1. (1a, left) Composite image constructed from four nightside (NI1) images taken on
March 30, 2020. The geographic latitude variation of the EIA crests with geographic longitude
seen in these images included in the crest, peak latitudes shown in (1b) as determined after
mapping into magnetic coordinates. (1b, right) All crest, peak latitudes identified in nightside
images from March 30, 2020 (DOY 90) at latitudes within 20° of the magnetic equator are
included in the analysis. At most longitudes there are multiple images of the crests.

This paper examines the nightside observations during March 2020. This month was
chosen because it is near equinox, a period when bright emissions are observed from the EIA.
Bright emissions best allow an accurate and consistent determination of the EIA crest latitudes.
Also, the geomagnetic conditions, which can be a significant influence on the EIA crest latitude,
during the month were relatively quiet. The Dst and ap indices are shown in Figure 2. Some
geomagnetic activity is observed on days 79 and 91, but has little effect on the distribution of the
EIA crests. Although abrupt and significant changes in the location of the EIA crests have been
observed previously (see Figure 4 from Eastes et al., 2019), such drastic changes were not detected
in these observations. In addition, the F10.7 index, also shown in Figure 2, indicates that the solar
irradiance was low and varied little.



119

120
121
122
123
124
125
126
127
128
129
130

131
132
133
134
135
136
137
138
139
140
141
142
143

manuscript submitted to Geophysical Research Letters

20T T T T [T T T T [T T T T[T T T T T ITTT [ TT1T1TT1T17T1]80 1120
or <60 100
§ 1 ] 3
£ o0} —408'—80 ~
e - {1 3
e - i
-40 <420 60
-60 I wwwm [l A | TR T el N | 0 _- 40
60 65 70 75 80 85 90 95
Day of the Year 2020
Figure 2. Geophysical data for March 2020 (DOY 61-91), the time period of the observations
analyzed. The Dst and ap indexes are plotted in black and red, respectively. The F10.7 index is
plotted in blue.

3 Analysis Method

While the GOLD data are mapped into geographic coordinates during processing, the EIA
is analyzed in magnetic coordinates since it is oriented along Earth’s magnetic equator. Thus, we
calculated the quasi-dipole (QD) geomagnetic coordinates (Laundal and Richmond, 2017)
corresponding to the geographic coordinates from the IGRF 2018 scalar potentials (Thébault et al.,
2015). Applying this transformation, all images are remapped into geomagnetic coordinates. A
one day sequence of such images is shown in supplementary Figure S1. From the remapped
images, the Ol 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 crests latitudes used in subsequent analysis. Following this
procedure, EIA crests latitudes from all 24 images are obtained each night. One example, from
March 30, is shown in Figure 1b.

Longitudes near the western edge of South America are measured only once each night
(see the data points near 80 W in Figure 1b). Other longitudes are sampled multiple times, 4-5 at
most longitudes, during the night. Consequently, multiple crest latitudes are identified on a given
night (see Figure S1). While there is some variation in the EIA crests latitudes, 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 2020. This indicates that much of
the latitude variation with longitude depends on the EIA development at local times at or prior to
the earliest observations. The earliest local times observed at equatorial latitudes by GOLD in the
March 2020 NI1 images was ~1 hour after sunset. Therefore, during GOLD’s observations (1700-
2130 LT at the satellite; March 30, 2010 UTC to March 31, 0040 UTC) the observed crest latitudes
are more indicative of the crest latitudes at earlier local times than of latitude changes during 1700-
2130 LT. While the EIA brightness typically decreases with time due to recombination, the
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variation of EIA latitude with longitude appears to persist from the earliest to the latest
observations.

Before further processing, the crest latitudes in each 1° mlon bin for a day (e.g., as in Figure
1b) were filtered to remove extraneous crest latitudes. Filtering removed latitudes deviating by
more than half the mean value (when > 3 latitudes were available in the hemisphere) and any
latitudes > 20° mlat from the magnetic equator. From the remaining EIA crest latitudes, a daily
mean was calculated for each hemisphere, north and south, using 5° longitude bins. The 31-day,
monthly average of the crests mlat (magnitude) as a function of mlon is shown in Figure 3.
Magnetic latitudes of the northern crest and absolute value of the southern crest are plotted as red
+’s and blue x’s, respectively. The average mlat of the crests (north and south) is plotted as green
o’s. As would be expected, daily variability is substantial in the observations, but deviations from
the 3 day means are only ~0.2°.

AVG. MLAT vs MLON FOR MARCH 1-31, 2020
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Figure 3. Monthly average of the absolute value of the magnetic latitude of the EIA crest as a
function of magnetic longitude (green o). Also shown are the magnetic 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. Higher latitudes west of the yellow line indicate
that the effects of equatorial electric fields are stronger than the ones to the East.

4 Results and Discussion

As shown in Figure 3, between 5° and 35° mlon (-70° to -40° W glon) there are significant
changes in both the average latitude of the EIA crests and the asymmetry of the crest locations.
The average latitude of the crests decreases as magnetic longitude increases until a minimum near
35° mlon, after which the latitude increases slowly with longitude. Each of the crests, north and
south, exhibits a slightly different longitude dependence. A north-south asymmetry in the crests
latitudes steadily increases with longitude from 5° mlon, until 35° mlon. Both hemispheres show
an almost identical change with longitude, and between 5° mlon and 35° mlon the northern crests
are ~1° further from the equator than the southern crests. Then the asymmetry steadily decreases
until ~50° mlon. Between ~ 50° and 70° mlon the crests are symmetric. Further east the asymmetry
is reversed and the southern crests are furthest from the equator.

The EIA characteristics, like crests location and symmetry with respect to the magnetic
equator, depend on the combined effects of ionosphere production and loss rates (primarily at local
times prior to sunset), neutral winds, magnetic field configuration and electric fields. Since the
EIA latitudes are averages for a month of observations during a solar minimum period without
notable changes in solar irradiance, changes in production are not expected to be a significant
influence. Longitude variations of neutral winds effects are a more likely to cause changes.
Asymmetries due to meridional winds have been reported (e.g., Khadka et al., 2018 and references
therein), and zonal winds can also cause asymmetries due to magnetic declination differences.
Winds from HWM 14 (Drob et al., 2015) 1 hour after sunset during March, are similar at locations
near the maximum (~75° W) and minimum (~25° W) separations of the crests with northward
winds reaching ~40 m/s and zonal winds of ~100 m/s at latitudes near the EIA. While winds might
shift the crest latitudes northward, resulting in higher northern crest latitudes (red + in Figure 3),
the longitudinal differences shown in Figure 3 seem inconsistent with longitudinally uniform
winds. The northward displacement of the crests occurs only between ~75° W and ~25° W glon.
Between ~25° W and ~5° W no displacement is observed, i.e. the crests are symmetric, and at the
easternmost longitudes the opposite displacement is observed: the southern EIA crest is furthest
from the equator.

Even if the winds were longitudinally uniform, the magnetic field is not. The region GOLD
is sampling presents the largest changes in the configuration of the Earth’s magnetic field. At the
westernmost and easternmost longitudes the magnetic declination ¢ is near zero. Near the region
where magnetic and geographic equators cross, o is ~20-25°. These longitude changes in magnetic
declination could be related to some of the patterns observed in Figure 3. An important aspect
when dealing with meridional winds is to understand how they interact with the direction of the
magnetic field lines. Along magnetic meridians, the effects of the winds can vary longitudinally
even in the absence of longitudinal variations in the winds. If we denote the geographic zonal and
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meridional wind components as Us and Ve, then the geomagnetic meridional compoent can be
expressed as Vm = Vi €0s(d) + Ua sin(o) (equation 3 of Luan and Solomon, 2008). Note that, the
meridional wind components positive when they are equatorward, that is southward directed in the
northern hemisphere and northward in the southern hemisphere, and the upper (lower) sign applies
to the northern (southern) hemisphere. Thus Vwm can be very different than Ve if ¢ is nonzero and a
strong zonal wind is present. Thus large asymmetries in the crests can occur, and their longitude
variation will depend on the local magnetic field configuration. The increase in the asymmetry in
the American sector may be related to the increase in magnetic declination until the longitude of
the equators crossing. Eastward from it, now Vwm decreases and the asymmetry also decreases, until
it reaches zero and the crests are symmetric. Eastward of longitudes with symmetric crests, the
separation increases, but the direction is opposite to that in the American sector. At these eastward
longitudes magnetic declination is near zero again and the geographic equator is north of the
magnetic equator. If the meridional winds are southward, then the asymmetry observed can be
explained. HWM14 showed that the meridional winds were 40 m/s. However, no groundbased
data for the African and Atlantic sectors have been incorporated in HWM14, and observations
suggest those sectors may differ from HWM14. A study by Fisher et al., (2015) reported Fabry-
Perot Interferometer measurements from the Ukaimeden Observatory in Morocco (31.2° N,
7.87°W; geomagnetic: 19.7°) from Nov 2013 to Dec 2014. Average meridional winds for March
were southward at ~40 m/s. While F10.7 was higher (~120) during those observations, similar
winds during March 2020 near 10° E could explain the asymmetry observed by GOLD.

Winds can influence the vertical drifts, which have been linked to the strength of the EIA,
but few studies have investigated the longitude dependence of the drifts. Fejer et al. (2008) have
shown that equinox evening upward drifts increase from ~ 70° W to 0° (see their Figure 8).
Therefore, these observations do not explain the results from Figure 3. Kil et al. (2009) used
ROCSAT-1 data to extract vertical plasma drifts near the equator and found a wave-4 pattern that
was used to reproduce similar pattern in electron density distribution (Fang et al., 2009). Signatures
of this extensively studied “wave-4” structure include a longitudinal peak in the electron density
over South America. The latitude changes observed by GOLD are also in that region. The
longitudinal trend in the crest latitudes from GOLD is similar to those seen in topside isodensity
contours from ROCSAT-1, as reported by Kil et al. (2008) for March, 1999-2002 and Kp<3+ (their
Figure 1le). They saw more widely separated contours at ~73° than at ~25° W glon. The tide
producing the wave-4 structure would be a persistent influence on the vertical winds, which are
not well quantified. Neutral density changes associated with the wave-4 structure, reported by Liu
et al. (2009), suggest that the longitudinal structure of the crests might also be influenced by
changes in the composition. They detected longitude dependent neutral density perturbations, with
apeak near 45° W glon (e.g., their Figure 1b). If there are also corresponding composition changes,
the electron densities would be affected. They also saw correlated electron density changes that
would be consistent with such composition changes; however, composition changes have not been
sufficiently bounded to accurately quantify their influence.

Additional insights may be obtained from the day-to-day changes in the average crests
magnetic latitude as a function of longitude, shown in Figure 4. The daily EIA crests latitudes are
plotted versus magnetic and geographic longitudes (in Figure 3 the monthly average of these daily
EIA crests latitudes is shown as green circles). In these daily data a ~6-day periodicity is seen in
peak latitudes. For instance, at 20° mlon, the averaged EIA crests are located at a higher latitude
on days 67, 71, and 76, compared to the days in between. This westward propagating, 5-6-day
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modulation of the F-region EIA may be related to the quasi-6-day waves (Q6DWSs) arising from
the stratosphere-mesosphere.

Observational and modeling studies have found that Q6DWs are exceptionally active
around equinox (Liu et al. 2004; Gan et al., 2015; 2018). At these same longitudes Yamazaki et
al. (2020) recently reported a 6-day period in 2019, Fall-equinox observations by SWARM.
Coupling of the 6-day periodicity from the terrestrial atmosphere to the F-region ionosphere is
beyond the scope of this paper. Gan et al. (2016) and Forbes et al. (2018) provide further details
on such coupling. Recently, a similar coupling signature involving planetary waves with the post-
sunset EIA crests on a day-to-day scale, was identified in the GOLD data (Gan et al., 2020),
demonstrating that large-scale waves (planetary waves and tides) are detectable in the GOLD
observations.

Daily Magnetic Latitude vs. Magnetic Longitude
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Figure 4. Time dependence of average crest latitude with longitude. Each pixel represents a 5°
mag longitude bin. Longitudinal trends in the crest separation with day are seen most clearly
around 20° mlon during days 66 to 77, suggesting a 6-day periodicity.
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5 Conclusions

Examination of GOLD nightside disk observations (NI1) during March 2020, a
geomagnetically quiet period shows a distinct variation in the monthly average EIA crest latitude
with longitude and a 6-day period in the daily observations. In the monthly average (Figure 3), the
average crests latitudes are ~2° higher west of 26° magnetic longitude (47° W geographic) than to
the east. This change suggests that the influence of the potential drivers varies with longitude and
may be related to the varying geomagnetic field configuration in the longitudes sampled. These
changes appear to be consistent with prior observations that have been associated with a wave-4
structure in the low latitude ionosphere and thermosphere. Avenues for a wave-4 structure to
influence the nighttime ionosphere, e.g. composition changes in the neutral atmosphere, must be
examined further to establish the mechanisms responsible for the changes observed. In addition,
distinct latitudinal differences are also seen in the individual northern and southern crests. Their
magnetic latitudes differ by ~1° (north furthest from the equator) at longitudes near 26° while at
other longitudes there is no difference or it is reversed, with the southern crests furthest from the
equator.

The daily changes in crest latitude with longitude observed by GOLD, shown in Figure 4,
suggest that the data may also provide additional insight into the influence of the lower atmosphere
on Earth’s ionosphere-thermosphere system. A 6-day period, most prominent early in the month,
consistent with quasi-6-day waves that have previously been observed in the mesosphere. Other,
similar mesospheric influences have been indicated by previous analyses of GOLD data. Together,
these results provide new insights into the ionosphere-thermosphere system and the influences on
the Earth’s nighttime ionosphere.
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