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Abstract

This paper presents a long-term comprehensive analysis of the Equatorial Electrojet (EEJ) and Counter Equatorial Electrojet (CEJ)
from the Absolute Scalar Magnetometers (ASM) on the Swarm satellites, for the period of nine years (2014-2022). For the first time, the
altitude-dependent characteristics of the CEJ and EEJ have been determined, and the influence of the disturbance dynamo electric field
(DDEF) and prompt penetration electric field (PPEF) on CEJ occurrence rates, EEJ and Equatorial electric field (EEF) amplitudes has
been investigated. Results reveal that the DDEF was more pronounced in the morning sector (07:00-12:00 LT), while an eastward PPEF
was dominant in the afternoon sector (12:00-18:00 LT). The strongest EEJ magnetic signals are observed during September equinox
months, while the weakest EEJ signals occur during the June solstice months. Additionally, the EEJ increases with solar activity but
appears reduced from Swarm B. The gradient of the EEJ is positive from 06:00 to 10:00 LT and negative from 11:00 to 17:00 LT, with
the peak value around 08:00 LT. The largest EEJ gradients are observed in January, and the smallest gradients in March. The EEJ lunar
tidal modulation is greatest in December and least in June. The CEJ occurrence rates from Swarm A, B, and C exhibited a consistent
pattern of lunar tidal modulation.
© 2025 COSPAR. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar
technologies.
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1. Introduction spheric neutral winds cause the charged particles to move

across the magnetic field lines, resulting in an eastward

The day-time eastward equatorial electric field (EEF) in
the ionospheric E-region is responsible for driving many
equatorial electrodynamics (Alken et al., 2015). This EEF
is created through a dynamo action, where the thermo-
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electric field (Alken and Maus, 2007). At low latitudes,
the nearly horizontal northward geomagnetic field lines
are mutually perpendicular to the EEF, and this drives
the vertical plasma drift, until the polarization charges
accumulate due to the low conducting boundaries above
and below the E region (Onwumechili, 1997; Forbes,
1981; Heelis, 2004). The polarization electric field is greater
than the primary EEF that causes it, leading to an
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enhanced eastward conductivity beyond the normal Peder-
sen conductivity (Abdu, 1992; Hajra et al., 2009; Martyn,
1948). This enhanced effective cowling conductivity near
the magnetic equator gives rise to the Equatorial electrojet
(EEJ) (Cowling, 1932).

The EEJ is a strip of current flowing in the Ionospheric
E region, within about +3° latitudes from the geomagnetic
equator, and is usually eastward during daytime (Reddy,
1981; Habarulema et al., 2019; Yizengaw et al., 2014;
Rabiu et al., 2013). The EEJ presents as enhancements in
the measured diurnal variation of the horizontal compo-
nent (H) of the geomagnetic field near the magnetic dip
equator (Anderson et al., 2002). It was first measured at
the Huancayo geomagnetic observatory in Peru in 1922
(Chandra, 2000; Le Mouél et al., 2006). It also produces
magnetic signatures in Low Earth Orbiting (LEO) satel-
lites. These EEJ magnetic signatures appear to be negative
with a sharp depression at the geomagnetic equator, when
extracted at the altitude of LEO satellites (Cain and
Sweeney, 1973). This is because the LEO satellites fly above
the EEJ current, and create an induced magnetic field
which is opposite to the main field. The EEJ produces a
strong induced magnetic field which is northward below
its peak altitude (about 110 km), and southward in the
region above its peak (Onwumechili and Agu, 1981). This
induced magnetic fields in turn cause a strong enhancement
on H component of the geomagnetic field when it is mea-
sured by magnetometers below the EEJ altitude, and a
depletion on H when measured by magnetometers above
its peak (Yizengaw and Groves, 2018).

Sometimes, the EEJ is reversed to the westward direc-
tion, a phenomena named counter electrojet (CEJ) as first
proposed by Gouin (1967). The reason for this reversal
during quiet periods has been attributed to the westward
zonal winds, atmospheric gravity waves, lunar tides ampli-
fication during stratospheric sudden warming (SSW), verti-
cal upward winds, and quasi-biennial oscillation
(Somayajulu et al., 1993; Vineeth et al., 2012; Sastri and
Arora, 1981; Raghavarao and Anandarao, 1980; Chen
et al., 1995). Another contribution of the reversal comes
from high magnetic activity. During the northward turning
of the interplanetary magnetic field (IMF B,), the shielding
electric fields dominate and convection electric field
decreases. This leads to the reversal of the electric fields
at mid and low latitudes (Rastogi and Patel, 1975; Fejer
et al., 1979; Kobea et al., 2000; Kikuchi et al., 2000;
Kikuchi et al., 2003). The westward shielding electric fields
develop in the inner magnetosphere due to azimuthal gra-
dient of plasma pressure, a condition known as over-
shielding of the electric field (Kelley et al., 1979;
Gonzales et al., 1979). This causes a westward prompt pen-
etration electric field (PPEF) on the day-side and an east-
ward PPEF disturbances on night-side ionosphere
(Rastogi and Patel, 1975; Kikuchi et al., 2008). The west-
ward PPEF appears as CEJ at the geomagnetic equator.
A few hours after a major geomagnetic activity, a
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disturbance wind dynamo is set up, which causes a west-
ward electric field in the low latitude E region (Blanc and
Richmond, 1980), and leads to occurrence of CEJ.

The characteristics of the CEJ and EEJ have been the
subject of numerous studies using both ground-based mag-
netometers and LEO satellites (e.g., Rastogi, 1974;
Marriott et al., 1979; Alex and Mukherjee, 2001; Rabiu
et al.,, 2017; Cain and Sweeney, 1973; Kim and King,
1999; Ivers et al., 2003; Zhou et al., 2018; Soares et al.,
2018; Lihr et al., 2012; Luhr et al.,, 2004; Alken and
Maus, 2007; Zhang et al., 2024; Zhang et al., 2022). These
studies have demonstrated the variations of the EEJ and
CEJ with local time, season, longitude, moon phase, geo-
magnetic activity, and solar activity. For example, Liihr
et al. (2004) conducted the first statistical study of the
EEJ based on Challenging Mini-satellite Payload
(CHAMP) scalar magnetic data. This study provided a glo-
bal perspective on various EEJ characteristics, such as a
strong peak at the dip equator for the noon time EEJ cur-
rent profiles, the variation of peak current density with lon-
gitude, and the half-width of the EEJ was constant in time
at a given longitude and independent of intensity. Alken
and Maus (2007) developed a global climatological Equa-
torial Electrojet Model (EEJM-2) using scalar magnetic
field measurements from the @rsted, CHAMP, and Scien-
tific Application Satellite-C (SAC-C) satellites. This model
predicted the local temporal, longitudinal, and seasonal
variations of the EEJ, revealing that the EEJ was weaker
during solstice months compared to equinox months and
peaked at noon time. Recently, Liihr et al. (2021) provided
a detailed overview of the climatological characteristics and
tidal features of the EEJ and CEJ, based on previous stud-
ies using CHAMP observations. Zhou et al. (2018) con-
ducted a comprehensive analysis of the CEJ and its tidal
characteristics using CHAMP data, demonstrating its
dependence on local time, seasons, longitude, moon phase,
and both magnetic and solar activity.

The magnetic signatures of the EEJ have been studied
using CHAMP observations. For instance, Doumouya
and Cohen (2004) investigated the longitudinal variation
of EEJ magnetic signatures around noon and showed that
EEJ signatures were stronger in the Asian sector than in
the African and American sectors. Benaissa et al. (2017)
also examined the longitudinal and seasonal characteristics
of EEJ magnetic signatures. They found that the EEJ sig-
nals were strongest during winter and spring, with the
weakest signals observed during the solstice summer.
Yizengaw and Groves (2018) studied the EEJ magnetic sig-
natures using Swarm A and Swarm B observations. The
study revealed a clear longitudinal dependence, with the
strongest EEJ signatures observed in the West American
and Asian sectors, and the weakest in the African sector.
Additionally, the EEJ at Swarm A altitude was found to
be significantly stronger than that at Swarm B altitude.
However, the study was not long term, as it focused on a
single month of October 2015 for the analysis of the EEJ
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signatures, which is insufficient to capture the seasonal
variations of the EEJ magnetic signatures at Swarm
altitudes.

Moreover, most long-term studies of the EEJ and CEJ
have primarily relied on CHAMP satellite data, the Swarm
satellite constellation comprising of Swarm B and a side-
by-side pair, Swarm A and Swarm C offers the advantage
of simultaneous multi-point observations. This unique con-
figuration enables a more detailed characterization of the
EEJ and CEJ, such as the investigation of EEJ longitudinal
gradients and the altitude dependence of their characteris-
tics. Consequently, a more comprehensive understanding
of EEJ and CEJ variability is achievable with the Swarm
observations, which could not be fully captured by single
satellite missions.

This paper aims to provide detailed characteristics of the
EEJ and CEJ, derived from the ASM (Absolute Scalar
Magnetometer) on board the Swarm satellites. The study
demonstrated the influence of both the DDEF and PPEF
on CEJ occurrences rates, EEJ and EEF amplitudes using
multi-point Swarm observations. The study further deter-
mined the long-term altitude characteristics of the EEJ
and CEJ in relation to solar activity, longitudinal gradi-
ents, and lunar phases. In addition, the longitudinal and
seasonal variations of EEJ magnetic signatures observed
by Swarm A and B were analyzed. Characterizing these
magnetic signatures is essential, as they can be used to
determine key EEJ parameters, such as the peak current
density, total forward current, and the spatial width of
the current system.

This paper is organized as follows: the data and methods
used in this study are described in Section 2, the results are
presented and discussed in Section 3; and Section 4
sumarises the findings of this study.

2. Data and methods
2.1. Data set utilized

The European Space Agency (ESA) launched the
Swarm mission as a constellation of three identical satel-
lites, Alpha (Swarm-A), Bravo (Swarm-B), and Charlie
(Swarm-C), to study the Earth’s magnetic field (Friis-
Christensen et al., 2006). Each satellite is equipped with
two magnetometers, ASM which measures the strength of
the magnetic field, and the Vector Field Magnetometer
(VFM), which measures both the strength and direction
of the magnetic field.

The magnetic dataset used in this study includes the
Level 2 daily data products for EEJ and CEJ, derived from
the Swarm satellite observations. The EEJ magnetic signa-
tures were extracted from the Level 1b daily magnetic field
data. The EEJ and CEJ datasets span the period from 2014
to 2022, whereas the detailed analysis of magnetic signa-
tures was limited to the period from 2014 to 2015. This
restriction was due to the availability of the CHAOS-7
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model coefficient file, which extends up to the year 2015.
All Swarm magnetic data products used in this study are
accessible at ftp://swarm-diso.eo.esa.int/.

2.2. Methods

2.2.1. Derivation of EEJ and CEJ from Swarm satellites

This study utilized the Swarm satellites Level 2 daily
data products which contain the Swarm satellites’ derived
EEJ, CEJ and EEF. The EEJ is extracted from the Level
1b scalar magnetic data measured by the ASM at a fre-
quency of 1 Hz. Alken et al. (2015, 2013) showed the pro-
cedures of extracting EEJ from the Level 1b magnetic data.
The magnetic signature obtained through this extraction
are then inverted to estimate height integrated current den-
sity, providing an estimate of the actual current responsible
for the observed magnetic signa. This is accomplished by
using a model of line currents. This model represents the
geomagnetically eastward flowing EEJ current, which
reaches its peak in the E-region at about 110 km altitude
(Heelis, 2004). The linear currents flow along lines of con-
stant quasi dipole latitude spaced 0.5° apart. Each linear
current is divided into 360 segments, where each segment
is a straight line current spanning 1° of geographic longi-
tude whose endpoints are positioned at 110 km altitude.

The estimated EEJ strength was defined as the peak of
the current profile near the geomagnetic equator, as the
EEJ current typically flows within +3° of magnetic lati-
tude. The CEJ was identified as the negative peak of the
EEJ profile at the geomagnetic equator. Since the EEJ pre-
dominantly occurs during daytime, only Swarm satellite
passes within the local time range of 06:00 to 18:00 were
considered in the analysis.

2.2.2. Swarm satellites EEJ magnetic signature identification

The EEJ magnetic signatures were determined using the
Level 1b daily magnetic scalar products. Near the dip equa-
tor, the EEJ magnetic signatures overlap with other signals
from other sources, such as the fields due to the Earth’s
core, crust and magnetosphere. In order to obtain the
EEJ magnetic signatures, these sources were isolated. The
main field (B and Bgys), and the external magneto-
spheric field (Be;), were removed using the CHAOS-7 geo-
magnetic field model (Finlay et al., 2015). This was done by
subtracting the CHAOS-7 field model from the magnetic
field measured by the Swarm satellites. The result gives
the residual magnetic signatures primarily due to iono-
spheric currents. To identify the EEJ magnetic signatures,
the contribution of the mid latitude ionospheric Sq cur-
rents were removed. This was achieved by fitting a polyno-
mial of degree 5 on the latitudinal profile of the residual
magnetic signatures excluding +14° dip latitudes
(Thomas et al., 2017). The fitted polynomial was then sub-
tracted from the residual magnetic signatures due to iono-
spheric currents, in order to obtain the magnetic field
signatures caused by the equatorial ionospheric currents
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which are the EEJ magnetic signatures. When applying the
CHOAS model, we were only able to retrieve EEJ magnetic
signatures for Swarm A and Swarm B.

2.2.3. The superposed epoch analysis

To identify the response of the EEJ, CEJ, and EEF to
sudden increases in solar wind input, superposed epoch
analysis (SEA) was used. The Newell coupling function
(Newell et al., 2007) was chosen to represent the energy
input from the solar wind into the ionosphere thermo-
sphere system, and is defined as:

| 5470
E'm:ngw(\/Bi—i—Bi) sin’ <§>, (1)

where Vs is the solar wind speed in km/s, B, and B, are
the y and z components of the IMF in geocentric solar
magnetospheric (GSM) coordinates respectively, and 0 is

the IMF clock angle, defined as tan(6) = 2. The resulting

B,
units of the merging electric field E/ are mV/m, making it
directly comparable to the solar wind electric field.

As pointed out by Richmond et al. (2003), due to the
inertia of the thermosphere, the response of thermospheric
winds lags behind changes in the solar wind. This lag rep-
resents a memory effect in the magnetosphere-ionosphere-
thermosphere system. To account for this, the time-
integrated merging electric field E,, was used, defined as:

[LEm(t), @0/ dt’
1
[tle®-v/r dt’ 7

where E,,(t,7) is a continuous function of time t,t; is cho-
sen as 3 h prior to the epoch, and t = 0.5 h is the e-folding
time of the exponential weighting function. The merging
electric field E,, was computed at 15 min intervals using
Egs. (1) and (2). In the superposed epoch analysis, a sud-
den increase in E,, is identified as key time. In this study,
a time step t=n+1 was marked as a key time if
En(n+1) —Ey(n) > 0.7 mV/m, indicating a significant
increase in solar wind energy input. This approach has
been used in previous studies (e.g., Xiong and Liihr,
2014; Xiong et al., 2015; Xiong et al., 2016; Zhou et al.,
2018).

En(t,7) =

(2)

3. Results and discussion

3.1. The response of EEJ, CEJ and EEF to sudden increase
in the Solar wind input

Fig. 1 presents the mean temporal variation of the merg-
ing electric field (E,,) from 3 h before to 15 h after the key
time (At = 0), based on events from the Swarm satellites.
Over the 9 year period, a total of 19,229, 19,204, and
19,419 events exhibiting sudden disturbances were detected
by Swarm A, B, and C, respectively. As shown in Fig. 1, a
sudden increase in E,, is observed at the key time, with val-
ues rising by about 1.3 mV/m and peaking to about
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2.6 mV/m for all three satellites. This sharp increase in
E,, signifies the onset of a magnetic disturbance. After this
peak, E,, decreases rapidly over the next 3 h, and then more
gradually until At = 15 hours.

This observation is similar with previous studies (e.g.,
Xiong et al., 2015; Xiong et al., 2016; Zhou et al., 2018).
They reported a similar sudden increase in E,, at the key
time, reaching peak values of about 4 mV/m based on
CHAMP satellite observations.

Fig. 2 shows the monthly variation of the merging elec-
tric field (E,,) from 3 h before to 15 h after the key time
(At =0). E,, was computed in 15 min At bins for each
month. A distinct increase in E,, is observed at the key time
across all months, indicating a consistent response to the
identified events from the Swarm satellites. Additionally,
a slight seasonal dependence can be observed with smaller
E,, variations during equinox months (Fig. 2). This sea-
sonal variation is similar with the findings of Xiong et al.
(2016). They reported smaller E,, variations during the
early spring months from CHAMP observations.

Superposed epoch analysis was applied to the ampli-
tudes of the EEJ and EEF derived from the Swarm obser-
vations. Since each Swarm satellite provides only a single
snapshot of the EEJ and CEJ per orbit, the time series of
EEJ and EEF amplitudes from all events were stacked with
respect to the identified key times into At bins with a reso-
lution of 1.5 h, and then averaged. The time resolution of
1.5 h corresponds to the orbital period of the Swarm satel-
lites. The averaged values of EEJ and EEF in each At bin
presents the typical behavior pf EEJ and EEF amplitudes
around the key times. Error bars were calculated as the
standard error of the mean, defined as the ratio of the stan-
dard deviation (o) to the square root of the number of
events (n) in each At bin, expressed as:

a
error = 7

Since the EEJ and CEJ are daytime phenomena, the data
were sorted into two local time bins, morning (07-12 LT)
and afternoon (12-18 LT).

Fig. 3 shows the temporal variation of CEJ occurrence
rates after a sudden increase in solar wind input at the
key time. The CEJ occurrence rates were derived by apply-
ing superposed epoch analysis to both EEJ and CEJ, and
expressing the number of CEJ events in each At bin as a
percentage of the total number of EEJ and CEJ events
within that At bin. A prominent feature in Fig. 3 is the peak
in CEJ occurrence rates occurring around 3-4.5 h after the
key time (At = 0), in both local time sectors. This increase
in CEJ occurrence rates at these times is attributed to the
disturbance dynamo wind, which is driven by thermo-
spheric winds induced by Joule heating at high latitudes.
The disturbance dynamo wind reaches its peak around
3 h after a sudden increase in magnetic activity, generating
a westward electric field at low latitudes (Blanc and
Richmond, 1980; Huang et al., 2005, Fejer and
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o (a) Swarm A, 2014-2022, AEm>0.7 mV/m (b) Swarm B, 2014-2022, AEm>0.7 mV/m (c) Swarm C, 2014-2022 ,AEm>0.7 mV/m
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Fig. 1. Temporal variation of the merging electric field E,, from 3 h before to 15 h after the key time (At = 0) for the events from (a) Swarm A, (b) Swarm
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Fig. 3. Superposed epoch analysis of the CEJ occurrence rate in response to a sudden increase in solar wind input at the key time (At = 0), based on
Swarm observations, for different local time sectors.
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Scherliess, 1995), and thus enhancing the occurrence of
CEJ events.

Additionally the increase of CEJ amplitudes and its
occurrences rates is more pronounced during the morning
time sectors as compared to the evening time sector. From
7-12 LT CEJ increases by 4%, 2% and 5% for Swarm A, B
and C respectively from key time to 4.5 h, while from 12-18
LT, CEJ increases by 1% (Fig. 3). Zhou et al. (2018)
reported that the local time dependence of the disturbance
wind effect was comparable with the diurnal variation of
CEJ occurrences from CHAMP observations.

There are also minor reductions in the CEJ occurrence
rates in the evening times (12-18 LT) at around key time.
After the increase in solar wind input an eastward PPEF
is set up at daytime, lasting for about an hour (Zhou
et al., 2018). Fig. 4 shows the temporal variation of the
amplitude of the EEJ current density after a sudden
increase in solar wind input. From 7-12 LT, the EEJ
amplitudes are reduced at key time (At = 0), while from
12-18 LT, the EEJ shows an increase at key time. The
increase in EEJ at key time is attributed to the transient
effect of the eastward PPEF (Kikuchi et al., 1996; Kelley
et al., 2003), while the decrease in EEJ at key time is asso-
ciated with the westward over shielding PPEF (Kelley
et al., 1979; Gonzales et al., 1979). Additionally, EEJ is
generally reduced in both local time sectors from about 3
to 6 h after the key time, after which it begins to increase
steadily. The reduction in EEJ during this time is related
to the influence of the westward disturbance dynamo wind
(Blanc and Richmond, 1980; Huang et al., 2005).

Fig. 5 shows the temporal variation of EEF amplitudes
after a sudden increase in solar wind input. In both local
time sectors, the EEF decreases from about 1.5 to 4.5 h
after key time, with the depressions being more pro-
nounced in the morning sector (7-12 LT) (Fig. 5). This

Swarm B, 2014-2022, AEm>O.7 mV/m 7-12 LT
64 T T -
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reduction is attributed to disturbances in the EEF during
geomagnetic disturbances, as the background electric field
is perturbed by the westward DDEF from high latitudes
(Blanc and Richmond, 1980; Huang et al., 2005). Xiong
et al. (2016) also reported smaller amplitudes of the dis-
turbed electric field observed by Republic of China Satellite
1 (ROCSAT-1) during daytime.

A minor increase in the EEF is observed around key
time between 12-18 LT, which is related to the transient
effect of the eastward PPEF (Kikuchi et al., 1996; Kelley
et al., 2003). This result is consistent with the earlier obser-
vation of increased EEJ amplitudes (Fig. 4) and reduced
CEJ occurrence rates (Fig. 3) in this local time sector.

3.2. Variation of EEJ with solar activity

The dependence of the EEJ on solar activity was ana-
lyzed during geomagnetically quiet days (Kp <3) to avoid
any potential coupling between magnetic and solar activity.
The smoothed solar flux index (P10.7) was used as an indi-
cator of solar activity, as it provides a more accurate repre-
sentation of solar activity (Liu et al., 2006). The P10.7
index is calculated using the following expression:

F10.7 + F10.7A

2 )
where F10.7A represents the 81-day running average of the
daily F10.7 value.

EEJ amplitudes from the Swarm satellites were sorted
into P10.7 bins and averaged over the September equinox
months (September to November), as EEJ amplitudes are
greatest during the equinox (Yizengaw et al., 2014;
Soares et al., 2018; Ayebare et al., 2023). Fig. 6 shows
the variation of EEJ amplitudes from the Swarm satellites
with solar activity for the years 2014-2022. It is clear from

P10.7 =
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Fig. 4. Superposed epoch analysis of the amplitude of EEJ current density in response to a sudden increase of solar wind input at the key time (At = 0)

from the Swarm observations for the different local time sector.
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Fig. 6 that EEJ amplitudes from Swarm observations gen-
erally increase with the P10.7 solar flux index. This is
because ionospheric conductivity increases with P10.7. A
similar observation by Liihr et al. (2021) reported a contin-
uous increase in EEJ amplitudes from CHAMP observa-
tions as P10.7 values increased. Additionally, Alken and
Maus (2007) found that the EEJ intensity varies approxi-
mately as the square root of P10.7 based on the EEJM.

However, the EEJ amplitudes observed by Swarm B are
reduced compared to those from Swarm A and C (Fig. 6).
This difference is attributed to the higher orbital altitude of
Swarm B (about 530 km), in contrast to the lower altitudes
of Swarm A and C (about 460 km).

Similarly, Yizengaw and Groves (2018) reported sig-
nificantly stronger EEJ signatures at Swarm A altitude

than at Swarm B altitude. Additionally, Onwumechili
and Agu (1980) using magnetometer data from the Polar
Orbiting Geophysical Observatories (POGO) series
(OGO 2, OGO 4, and OGO 6) that were orbiting at dif-
ferent altitudes, reported that EEJ signature does not
simply decrease with altitude but instead oscillates
exhibiting enhanced EEJ signatures at specific altitudes.
They observed that the EEJ signatures increased between
400480 km and 560-620 km, but decreased between
480-560 km and 620-700 km, and subsequent increase
again between 700-800 km. They attributed the oscilla-
tory behavior of the EEJ signatures with altitude to
additional localized currents layers flowing above the
EEJ altitude (at 110 km). These currents are weak to
produce a noticeable magnetic field on the Earth’s sur-
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face but become observable as the
through them.

There is a sudden decrease of EEJ amplitudes as P10.7
increases from 130 to 140. We suggest that the observed
decrease in EEJ amplitudes may be influenced by localized
current systems above the EEJ peak (about 110 km). This
effect appears more pronounced in Swarm B observations,
possibly due to its higher orbital altitude (about 530 km),
which may make it more sensitive to such high altitude cur-
rent variations. Further investigation is required to confirm
this explanation.

satellite passes

3.3. Longitudinal and seasonal variation of EEJ magnetic
signatures

Fig. 7 shows a typical EEJ magnetic signature derived
from Swarm B observation on 22 June 2015 during its pass
over 100° W longitude at 12:54 LT. The magnetic signature
tends to attain a minimum near geomagnetic equator. To
study the seasonal and longitudinal variation of EEJ mag-
netic signatures, the data was categorized into four seasons
representing March Equinox (March-May), June Solstice
(June-August), September (September-November), and
December Solstice (December-February). Since EEJ flows
most during daytime (09:00-15:00 LT), the EEJ magnetic
residuals were selected for satellite passes within the local
time range 10:00-16:00 LT, during geomagnetically quiet
periods from 2014 to 2015. The magnetic signatures were
then sorted in bins of 2° x 5° resolution in geographic lat-
itude and longitude, as shown in Fig. §.

In all seasons, the EEJ magnetic signatures observed by
Swarm A and B are strongest over the South American and
Asian regions, and weakest over the African region

10 T

EEJ magnetic signature (nT)

_60 1 I . I L 1 I
-40 -30 -20 -10 0 10 20 30 40

Dip latitude [°]

Fig. 7. The EEJ magnetic signature derived from Swarm B observation on
22 June 2015.
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(Fig. 8). Additionally, the EEJ magnetic signatures are
greatest during the September equinox months, while the
weakest signals are observed during the June solstice
months (Fig. 8).

The seasonal and longitudinal variation of the EEJ mag-
netic signatures are explained interms of the effect of non-
migrating tides, migrating tides and stationary planetary
waves. The dominant propagating solar non migrating
tide, named diurnal eastward with wave number 3 (DE3),
maximizes around months of August (Lithr and Manoj,
2013), and causes longitudinal wave-4 (WN4) patterns in
satellite observations of EEJ (Liithr et al., 2008; Zhou
et al., 2016). The DE3 tide is primarily caused by the deep
convection in the tropical troposphere, and propagates ver-
tically upwards from its source, transferring its energy and
momentum into the E-region ionosphere before being dis-
sipated (Liihr et al., 2008; Hagan and Forbes, 2002; Hagan
et al., 2007).

Additionally, Lihr et al. (2021) attributed the large
amplitudes of EEJ over South America to enhanced iono-
spheric conductivity. The magnetic field strength is weakest
over South America, and both Hall and Pedersen conduc-
tivities are inversely proportional to the magnetic field
strength. The secondary peak of EEJ over East Asia is
related to the large zonal electric field in that sector
(Alken and Maus, 2010). Similar seasonal and longitudinal
variations of EEJ magnetic signals has been reported (e.g.
Benaissa et al., 2017; Yizengaw and Groves, 2018;
Doumouya and Cohen, 2004).

3.4. Longitudinal gradient of EEJ

Swarm A and C fly side by side with a longitudinal sep-
aration of 1.4°, allowing them to probe the ionosphere
simultaneously (Friis-Christensen et al., 2006). This config-
uration provides an opportunity to determine the longitu-
dinal gradient of the EEJ over a separation of 1.4°. The
EEJ gradient per 1.4° was calculated using the following
equation:

AEEJ = EEJc — EEJ4,

where EEJ 4 is the EEJ obtained from Swarm A, observed
at an earlier local time, and EEJc is the EEJ obtained from
Swarm C, observed approximately six minutes later than
Swarm A. The AEEJ values were sorted into longitude,
local time, and seasonal bins, and then averaged during
quiet geomagnetic periods (Kp <3) from 2014 to 2022.

Fig. 9a shows the longitudinal variation of AEEJ,
exhibiting four peaks in its structure, which represent the
longitudinal wave-4 (WN4) pattern in AEEJ. Zhou et al.
(2016) reported that the propagating tidal components,
diurnal eastward with wave number 3 (DE3), diurnal west-
ward with wave number 5 (DWS5), semidiurnal westward
with wave numbers 3, 4, and 6 (SW3, SW4, SW6), and
planetary semidiurnal westward with wave numbers 1, 2,
and 4 (SPW1, SPW2, SPW4) contribute to the WIN4 struc-
ture of AEEJ.
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AEEJ shows a clear local time variation, with positive
values indicating an increase in the EEJ, and negative
values indicating a decrease. As seen in Fig. 9b, AEE] is
mainly positive from 06:00 to 10:00 LT, with peak values
around 08:00 LT, and turns predominantly negative from
11:00 to 17:00 LT. The negative values after 11:00 LT
imply that the EEJ in the E region stops increasing beyond
noon. Alex and Mukherjee (2001) reported an increase in
the eastward electric field and large gradients in iono-
spheric conductivity around noon, consistent with this
behavior. Similarly, Zhou et al. (2016) observed that AEEJ
rises steeply between 07:00 and 09:00 LT, reaching its max-
imum around 10:00 LT, and switches from positive to neg-
ative near 12:00 LT.

AEEJ also exhibits a clear seasonal dependence, as
shown in Fig. 9c. The largest AEEJ values are observed
in January, while the smallest occur around March. As sta-
ted earlier, Zhou et al. (2016) reported the presence of sev-
eral propagating tidal components SW3, SW4, SW6, DWS5,

DE3, SPW1, SPW2, and SPW4 contribute to the longitudi-
nal pattern of AEEJ. Additionally, Lithr and Manoj (2013)
showed that the second-largest non-migrating semidiurnal
tide (SW4) peaks around December and January, while
the non-migrating semidiurnal tide (SW3) has its largest
amplitudes from October through December.We therefore
suggest that the interference between these two semidiurnal
westward tidal components (SW3 and SW4) during the
December solstice months could explain the largest AEEJ
observed in January.

3.5. Moon phase variation of EEJ and CEJ

The atmospheric lunar tide is a well-known source of
ionospheric variability (Yamazaki et al., 2017). It is a
global-scale oscillation of the Earth’s atmosphere caused
by the gravitational force of the moon (Lindzen and
Chapman, 1969). Swarm observations were used to investi-
gate the moon phase dependence of the EEJ and CEJ
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Fig. 10. Local time against moon phase hour variation of EEJ from Swarm observations from 2014-2022.

during quiet periods (Kp<3). The lunar phase, denoted as v = vy, — s,
v, ranges from 0 to 24 h, with v =0 and v = 12 representing
the new moon and full moon, respectively. For each day,

the value of v was calculated using the formula (Fanselau
and Sugiura, 1966): v = 283.612983° + 13.176396730246°74 + 0.00198°T?,

where v;,, and vg are the moon’s and sun’s mean longitudes
given by the equation;
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Fig. 11. Percentage occurence of CEJ with moon phase obtained from (a) Swarm A, (b) Swarm B and (c) Swarm C observations from 2014-2022.

v, = 280.682325° 4- 0.985647335387°74 + 0.00030°T,

where, 74 is the number of days since 12 h Greenwich Mean
Time on January 1, 1900, and T is time in Julian centuries.

The EEJ from Swarm observations was calculated in 1 h
bins for each lunar phase hour across different seasons,
with the results shown in Fig. 10. The EEJ data were cate-
gorized into three of Lloyd’s seasons: December Solstice
(November to February), June Solstice (May to August),
and the combined Equinoxes (March, April, September,
and October). Lunar tides observed in the Swarm data
cause enhancements in the EEJ at certain local times, with
peaks occurring from 11:00 to 14:00 LT. The modulation
of EEJ amplitude by lunar tides is largest during the
December solstice months, while the smallest tidal ampli-
tudes occur during the June solstice months. Liihr et al.
(2012) reported the largest lunar modulation of EEJ from
CHAMP observations during the December solstice
months, attributing this to Sudden Stratospheric Warming
(SSW) events, which are responsible for enhancing lunar
tidal amplitudes around the December solstice. Other stud-
ies (e.g. Fejer et al., 2010; Park et al., 2012; Siddiqui et al.,
2015; Yamazaki, 2013; Yamazaki et al., 2012) have also
reported amplification of lunar tidal variations in EEJ dur-
ing SSW events. An SSW event is a large-scale meteorolog-
ical disturbance in the middle atmosphere, typically
occurring in the Arctic region during winter (Andrews
et al., 1987; Labitzke and Van Loon, 2012).

The dominant component of the lunar tide, known as
the semidiurnal lunar tide (M,), is generated near the
Earth’s surface and propagates to higher altitudes. The
M, tide peaks at about 110 km altitude, above which the
wave is damped due to molecular dissipation (Yamazaki
et al., 2017). Sudden Stratospheric Warming (SSW) events
create favorable conditions for the vertical propagation of
the M, tide from the lower to the upper atmosphere, lead-
ing to the amplification of the M, tide (Forbes and Zhang,
2012).

The percentage occurrence rate of CEJ were calculated
for each lunar phase v by dividing the number of CEJ
detected events by the total number of EEJ and CEJ events
in that lunar phase hour. The results of the CEJ occurrence

rates for each lunar phase hour from the Swarm observa-
tions are shown in Fig. 11. Since CEJ occurrences are high-
est in the morning hours, the CEJ occurrences were taken
from 6:00-9:00 LT.

The CEJ occurrence rates exhibit primary peaks at 06,
05, and 06 moon phase hours for Swarm A, B, and C
respectively, and secondary peaks at 17, 16, and 17 moon
phase hours for Swarm A, B, and C respectively
(Fig. 11). Zhou et al. (2018) reported that CEJ occurrence
rates observed by CHAMP also peaked shortly after the
new moon (around 05 h) and full moon (around 17 h).
These peak locations are attributed to the constructive
interference between the solar migrating tides and the lunar
semidiurnal M, tide, which amplifies near the crest of the
M, tide. Similarly, Soares et al. (2018) found that the
morning time CEJ occurrence rates, from ground based
magnetometers over the Brazilian and Peruvian sectors,
were more frequent around 06 and 18 moon phase hours.

4. Conclusion

In this study, we analyzed the long-term altitude charac-
teristics of the EEJ and CEJ over a 9 year period (2014—
2022) using Swarm observations. We examined the effects
of both the DDEF and PPEF on the occurrence rates of
CEJ, EEJ and EEF amplitudes. The results show that the
disturbance wind dynamo effect was more prominent in
the morning sector (7:00-12:00 LT) than in the afternoon
sector (12:00-18:00 LT). Additionally, prominent eastward
PPEF was observed in the afternoon local time sector
(12:00-18:00 LT). The EEJ magnetic signatures were great-
est in the South American and Asian sectors, while the
weakest EEJ signatures are found in the African sector.
The greatest EEJ magnetic signatures occur during the
September equinox months, while the weakest signatures
were observed during the June solstice. The EEJ increases
with solar activity, but its amplitude was reduced for
Swarm B due to its higher orbital altitude. The EEJ gradi-
ent was positive from 06:00 to 11:00 LT and negative from
12:00 to 18:00 LT, with peak values around 08:00 LT. The
largest EEJ gradients occur in January, while the smallest
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gradients were observed in March. The EEJ amplitudes are
modulated by lunar tides, with the largest modulations
observed during the December solstice and the smallest
during the June solstice. The CEJ occurrence rates exhib-
ited a consistent pattern of lunar tidal modulation, with
primary peaks at 06, 05, and 06 moon phase hours for
Swarm A, B, and C, respectively, and secondary peaks at
17, 16, and 17 moon phase hours.
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