Available online at www.sciencedirect.com

. . ADVANCES IN
s ScienceDirect SPACE
- RESEARCH
ELSEVIER Advances in Space Research 59 (2017) 1526-1538 (a COSPAR publication)

www.elsevier.com/locate/asr

Characteristics of equatorial electrojet derived from Swarm satellites

Neethal Thomas *, Geeta Vichare, A.K. Sinha

Indian Institute of Geomagnetism, Plot 5, Sector 18, New Panvel (W), Navi Mumbai 410218, India

Received 21 January 2016; received in revised form 15 December 2016; accepted 16 December 2016
Auvailable online 26 December 2016

Abstract

The vector magnetic field measurements from three satellite constellation, Swarm mission (Alpha ‘Swarm-A’, Bravo ‘Swarm-B’, and
Charlie ‘Swarm-C’) during the quiet days (daily > Kp < 10) of the years 2014-2015 are used to study the characteristic features of equa-
torial electrojet (EEJ). A program is developed to identify the EEJ signature in the X (northward) component of the magnetic field
recorded by the satellite. An empirical model is fitted into the observed EEJ signatures separately for both the hemispheres, to obtain
the parameters of electrojet current such as peak current density, total eastward current, the width of EEJ, position of the electrojet axis,
etc. The magnetic field signatures of EEJ at different altitudes are then estimated. Swarm B and C are orbiting at different heights (sep-
aration ~50 km) and during the month of April 2014, both the satellites were moving almost simultaneously over nearby longitudes.
Therefore, we used those satellite passes to validate the methodology used in the present study. The magnetic field estimates at the loca-
tion of Swarm-C obtained using the observations of Swarm B are compared with the actual observations of Swarm-C. A good corre-
lation between the actual and the computed values (correlation coefficient =0.98) authenticates the method of analysis. The
altitudinal variation of the amplitude and the width of the EEJ signatures are also depicted. The ratio of the total eastward flowing for-
ward to westward return currents is found to vary between 0.1 and 1.0. The forward and return current values in the northern hemisphere
are found to be ~0.5 to 2 times of those in the southern hemisphere, thereby indicating the hemispheric asymmetry. The latitudinal
extents of the forward and return currents are found to have longitudinal dependence similar to that of the amplitude and the width
of EEJ showing four peak structures. Local time dependence of EEJ parameters has also been investigated. In general, the results are
found to be consistent with previous studies. In order to examine the existence of the EEJ associated meridional currents, we have esti-
mated the vertical current density using combination of two satellites separated in longitude.
© 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction and Pederson currents to flow in a narrow altitudinal
region bounded by the neutral atmosphere below and col-
The E-region ionosphere is a dynamo layer, where the  lisionless plasma above, causing strong vertical electric
atmospheric neutral winds cause charge particles to move  fields. This vertical electric field produces large eastward
across the magnetic field resulting in electric fields and cur- ~ Hall current, thereby greatly enhancing the net eastward
rents. The primary eastward electric fields together with the ~ current. This intense eastward jet current flowing during
horizontal geomagnetic field at the dip equator cause Hall daytime in the E-region ionosphere (altitude ~106 km) at
the dip equator is called equatorial electrojet (EEJ)

(Chapman, 1951; Onwumechili, 1997).
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Onwumechili, 1997). Different observational platforms
used for EEJ studies include ground based observations,
sounding rockets and satellites- each one having its own
advantages and limitations. The ground based observa-
tions (Fambitakoye and Mayaud, 1976; Raghavarao and
Anandarao, 1987; Rastogi et al., 2007) record the temporal
variations of the magnetic field over a particular location,
but they lack in spatial coverage as many of the areas
around the globe is covered by forest and oceans. Satellites,
on the other hand, record the magnetic field variations
revolving around the earth in different orbits at different
altitudes. Among different satellites, the polar low earth
orbiting (LEO) satellites (Cain and Sweeney, 1973;
Jadhav et al., 2002; Lihr et al., 2004, 2008; Alken and
Maus, 2007) have the advantage of true spatial coverage,
as it covers the entire globe in a day. However, on a given
day, because of the rapid motion, these satellites lack in
recording the diurnal geomagnetic field variations caused
by quiet-time ionospheric currents. Both ground and satel-
lite measurements give the height integrated effect of iono-
spheric/magnetospheric currents, whereas rockets (Sastry,
1970; Sampath and Sastry, 1979; Onwumchili, 1992;
Chandra et al., 2000) are the only means to get height pro-
file of the ionospheric currents. However, the rocket cannot
record the spatial and temporal variations. Apart from
observations, different theoretical and numerical models
were also developed to address physical features of EEJ
(Sugiura and Cain 1966; Untiedt 1967; Sugiura and
Poros 1969; Richmond 1973; Stenning 1985).

Polar LEO satellite observations are distinctly advanta-
geous in EEJ studies as they provide the global observation
of the current system, by spanning the currents latitudi-
nally and longitudinally on a given day. POGO was the
first polar LEO mission to show the signature of the EEJ
currents as a negative depression in the magnetic field over
equatorial latitudes (Cain and Sweeny, 1973; Onwumechili
and Agu, 1980; McCreadie, 2004). POGO was followed by
Magsat, a sun-synchronized satellite in the dawn-dusk
orbit. It provided the first evidence of the existence of
meridional currents associated with EEJ in the equatorial
ionosphere (Maeda et al., 1982). Jadhav et al. (2002) and
Ivers et al. (2003) studied the characteristic of EEJ current
system in detail by using the total magnetic field measure-
ment from Orsted satellite. Jadhav et al. (2002) estimated
the EEJ parameters like peak current density, total current,
and the width of the current system using Orsted data.
They found that the EEJ strength estimated at ground
using satellite data correlate well with EEJ observations
from Indian and American ground observatories. Later,
Lithr et al. (2004) deduced the characteristics of the EEJ
currents using scalar magnetic field measurements from
CHAMP, thereby reaffirming the results from QOrsted. To
derive a global picture of EEJ, Alken and Maus (2007)
developed the climatological model of EEJ, using the scalar
magnetic field measurements from Qrsted, CHAMP, and
SAC-C satellites. Using this empirical model, they esti-
mated the local time (LT), longitudinal and seasonal

dependence of EEJ current. Liihr et al. (2008) made use
of this model in estimating the influence of non-migrating
DE3 tidal mode on the intensity of EEJ. The reverse elec-
trojet phenomenon, known as the Counter Electrojet
(CEJ) is also reported in the scalar magnetic field measure-
ments at Orsted by Vichare and Rajaram (2011). They
delineated the characteristics of the global distribution of
CEJ by investigating its longitudinal, LT and seasonal
dependence. The magnetic field data from all these earlier
LEO missions have been analysed by different methods
by different researchers for e.g. Jadhav et al. (2002) fitted
Onwumchilli’s empirical model of EEJ currents into the
magnetic field observations, while Liihr et al. (2004) fitted
a series of line currents. However, the broad features of
the EEJ obtained from independent methods are
consistent.

In the present paper, we have derived global features of
EEJ by fitting empirical model in the X-component of the
magnetic field obtained from the recently deployed polar
LEO mission satellites Swarm. Further, in order to exam-
ine the vertical extent of the EEJ associated currents, we
have estimated the F-region currents using Ampere’s equa-
tion. It is found that vertical currents may be associated
with the F-region dynamo. The paper is organized as fol-
lows. Section 2 presents the data and identification of
EEJ signatures. Section 3 describes the empirical model
of EEJ and the method of analysis used in the present study
for deriving the EEJ current parameters. The section also
presents the results such as altitudinal variation of EEJ sig-
natures, the characteristics of forward and return currents
of EEJ, the longitudinal and LT variation of the EEJ. Sec-
tion 4 presents the F-region currents. Finally, the results
are discussed and summarized in Section 5.

2. Data set and identification of EEJ signature

European space agency (ESA)’s multi-satellite mission
Swarm, consist of three identical satellites namely Alpha
(Swarm-A), Bravo (Swarm-B) and Charlie (Swarm-C).
The satellites were launched together in November 2013
into a near-polar orbit with inclination >87°. Later in Jan-
uary 2014, the spacecrafts were moved into different orbits
and attained the final constellation in April 2014. Swarm-A
and Swarm-C orbits side by side at an altitude of ~460 km,
whereas Swarm-B moves at a higher altitude of ~520 km.
With a higher inclination orbit, Swarm-B drifts longitudi-
nally from Swarm-A & C by 20° in every year. All the three
satellites complete one orbit in ~90 min duration and
hence constitute nearly 15 day and night passes each in
24 h. Drifting slowly in LT by ~1 h in every 11 days, satel-
lites witnesses all LT sectors in nearly 4 months duration.

The present study utilizes the vector magnetic field mea-
surements in NEC (North East Centre) frame from flux-
gate magnetometer onboard satellites Swarm-B and
Swarm-C for a period of one and half year from January
2014 to June 2015. The dataset used is Level 1b magnetic
product: MAGX_LR_1B with 1 Hz sampling rate. As we



1528 N. Thomas et al. | Advances in Space Research 59 (2017) 1526—1538

are interested in investigating the EEJ characteristics, only
satellite passes during geomagnetic quiet periods with daily
> Kp < 10 in the LT range 0900-1500 h are considered. In
order to separate the magnetic field variations due to iono-
spheric currents, the main field model, CHAOS 5 (Finlay
et al., 2015), is subtracted from magnetic field recorded
by Swarm. CHAOS 5 accounts for the internal (core and
crustal) field, its secular variation and acceleration. It also
accounts for the magnetic field contributions from static
magnetospheric currents and time varying ring currents.
The residual fields so obtained contain magnetic field con-
tributions from various ionospheric currents. In order to
identify clear EEJ signatures from the residuals, the contri-
bution of other ionospheric currents such as solar quiet
(Sq) has to be removed. This is achieved by fitting a poly-
nomial of degree 5 on the latitudinal profile of the residual
fields excluding +14° dip latitudes. The fitted polynomial is
then subtracted from the data to obtain the magnetic field
variations caused by equatorial ionospheric currents. As
EEJ current flows in the east-west direction in a narrow lat-
itudinal region near dip equator, the residual magnetic field
variations in X component within £20° dip latitudes is only
considered in this study. A total of 1115 daytime satellite
passes from over 70 days were obtained from the consid-
ered quiet period and are further analyzed to identify the
EEJ signatures.

A typical EEJ signature monitored by polar LEO satel-
lite marks a minimum in the magnetic field value near the
dip equator followed by two maxima on either side (Cain
and Sweeny, 1973; Jadhav et al., 2002; Liihr et al., 2004).

EEJ X (nT)
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Fig. 1. Latitudinal profile of EEJ identified in Swarm-B measurements
during its pass over 162°E longitude at 1141 LT.

Fig. 1 depicts a typical EEJ signature observed by the
Swarm-B satellite. Although this typical signature of EEJ
is presented in a few previous research papers, we are pre-
senting it again as it would help the readers to know the
parameters used in the present study. The two maxima
denoted by S; and S, mark the edge of the EEJ and are
hereafter called as the shoulders. These shoulders can be
assumed to represent the signatures of the EEJ return cur-
rents in the magnetic field measurements. In Fig. 1, the
width and the amplitude of EEJ signature are marked as
S:S, and H H, respectively. For each satellite pass, the lat-
itudinal profile of EEJ is identified by a completely auto-
mated program. As the EEJ signature varies from pass to
pass, the program also considers the signatures those devi-
ate slightly from the typical signatures of EEJ. Sometimes,
there is an absence of a well-defined maximum in one of the
hemispheres, or sometimes there is no clear signature of the
maxima, instead there is only a change in slope. Such situ-
ations are also considered by the developed program. The
criteria used for selecting the EEJ signature are adopted
from Jadhav et al. (2002) (Section 2 in their paper) and
are described as follows. (1) The Presence of a well-
defined minimum within +2° of the dip equator, (2) mini-
mum followed by two well-defined maxima- one on either
side. (3) If only one well-defined maximum is present, the
other is considered to be at a symmetrically opposite point
with respect to the location of the minimum. (4) The max-
ima identified only as a change in slope, are also considered
as a shoulder.

Following this criteria, nearly 984 satellite passes for
each satellite were identified with EEJ signatures and are
investigated further.

3. Study of EEJ using empirical model
3.1. Methodology

The magnetic signatures of EEJ with a depression near
dip equator and the shoulders on both the flanks observed
by the satellite are considered to have resulted from the
eastward current flowing near the dip equator and the
westward return currents on either side flowing below the
satellite altitude in the E-region (Onwumechilli, 1992). An
empirical model based on the continuous distribution of
current density for EEJ given by Onwumechili (1997) is fit-
ted to the electrojet signatures identified in the X compo-
nent of the magnetic field recorded by the satellite.
According to the model, the current density at a point (x,
z) is given by

o d(d® ) BB p2)
J=]
0 (@ +x2)2 (b2+22)2

(1)

With the center of the current system as the origin, x is the
latitudinal distance positive in the northward direction, y is
positive eastward and z is the vertical distance from the
current layer positive downwards. Here, a and b are the
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scale lengths and o and f are dimensionless constants con-
trolling the distribution of currents along x and z respec-
tively. jo is the peak current density at x =0 and z =0.
The height integrated current density or the current inten-
sity, J is given by
202 2
J =gy E) 2)
(@ +)
where Jj is the peak current intensity in A/km. The north-
ward component of the magnetic field EEJ-X (in nT)
caused by this east-west thin current sheet is given as

EEJ-X = [(v+ o + 20a) (u + b)* + (v + oaw

Ka
2(sg.z)P*
+ 2a)(v + a)’] (3)

where

P’ = (u+b)+ (v+a),

K =0.27J, is the magnetic constant in nT,

u=|x|,v=1lz, sg.z =wsign of z=:2

Considering that the current is flowing at 106 km alti-
tude and taking b = 0, the magnetic field variation resulting
from this current sheet at satellite locations (x, z) within
+20° latitudes is estimated using Eq. (3). In practice, the
height of the EEJ current may vary within 106 + 4 km,
though it is assumed to be at 106 km in the present study.
Here, the three unknown values «, ¢ and K which define the
shape, width and amplitude respectively of the electrojet
signature are estimated by an iterative method as described
by Jadhav et al. (2002). In the present study, in order to get
a more realistic estimate of EEJ, the values of « and «a are
estimated separately for both the hemispheres, unlike
Jadhav et al. (2002), who assumed it to be symmetric. With
values of ¢, a, and K identified that provide a best fit in the
actual observations, EEJ can now be estimated at any alti-
tude. The procedure is completely automated and is per-
formed for all satellite passes those exhibit discernible
EEJ signatures.

We firstly validate the reliability of the method adopted
here in identifying the EEJ parameters. This is done by esti-
mating X variations at Swarm-C using the measurements
from overhead Swarm-B satellite pass, and comparing with
the actual observations from Swarm-C satellite. EEJ-X at
Swarm-C is computed using the model values identified
by fitting the EEJ model to the Swarm-B observations.
Swarm-B and Swarm-C which are orbiting at two different
altitudes came close in longitude during the month of April
2014. In this period, there were several passes for which
Swarm-B and C were almost over identical longitudes
(<5°) with nearly identical universal time (UT) (difference
<~3 min). Here, we have restricted the data to this period
during which Swarm-B and Swarm-C were passing one
above the other. We obtained 52 such satellites passes for
which comparison is made.

Fig. 2, shows the comparison between the amplitudes of
EEJ calculated (EEJ-Xcguicutatea) and observed (EEJ-
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Fig. 2. Scatter plot of observed and estimated EEJ amplitude at Swarm-C.

Xobserved) at Swarm-C. The scatter shows a linear variation
with the fitted linear regression line having slope 1. The
correlation coefficient (CC) between the EEJ amplitudes
calculated and observed at Swarm-C satellite is found to
be 0.98. The excellent match between the EEJ amplitudes
obtained from the direct observations and the model vali-
dates the technique adopted here.

3.2. EEJ current parameters
The EEJ parameters studied here are:

(1) the peak current density Jy, expressed by

K

70 =02 xn) @

(2) the total eastward current I, given by

I =1 gy + 1) (5)
where
den 1 1/2
I+(SH) = S]; 0 |:(—OCSH)I/2 + (1 + OCSH)tanil ( o( ) (Sa)
—Olsp

ayuJo 12 1"
Lo =—5 {(_“NH)/ + (1 + o) tan™ <—acNH> } oY)
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(3) the full width (Wcyrrend) Of the current sheet,

WCurrenl = WCurrent(SH) + WCurrem(NH) (6)
where

asH
WCurrenl(SH) = (63)

!

—OsH
aNH

WCurrent(NH) =
vV —ONH

and (4) the location of the electrojet axis with respect to the
dip equator, i.e., the dip latitude at which EEJ peaks. Here,
ang and ayg denotes o and « in the northern hemisphere
and similarly agz and agy denotes that in the southern
hemisphere.

These four current parameters are estimated for all the
considered passes of Swarm-B and are compared with the
amplitude and width of EEJ estimated at ground using
the model values. The statistics are portrayed in Fig. 3.
Fig. 3a shows the linear relationship between the peak cur-
rent density (Jo) and EEJ amplitude calculated at ground
(EEJ-XGround) With a good correlation of 0.94. The total
eastward current (/) also showed a clear linear depen-
dence with the EEJ amplitude at ground (Fig. 3b). Here,
the scatter is found to be less with an increased correlation
of 0.97 compared to that of Jy thereby indicating that I
better decides the EEJ signatures at ground compared to
Jo. Fig. 3¢ shows the dependence of the location of the elec-
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trojet axis (xo) on the EEJ amplitude at ground. It is
observed that the EEJ strength is smaller for the current
axis located away from the dip equator i.e., weak EEJ
appears to deviate from the dip equator. In Fig. 3d, the
relationship between peak current intensity and the width
of EEJ at current height is shown. There are a few previous
reports which show the inter-dependence of these parame-
ters. Although Liihr et al. (2004) could not find a good cor-
relation between these two parameters; they reported that
EEJs with higher current densities can have larger widths.
On the other hand, Jadhav et al. (2002) concluded that
smaller current densities can have larger widths. However,
our results (Fig. 3d) do not show any systematic depen-
dence of the width of EEJ on peak current intensity. Anal-
ysis of larger data set may throw some light on this
relationship.

In general, the EEJ parameters estimated using Swarm
measurements are consistent with those obtained using
Orsted (Jadhav et al., 2002) and CHAMP (Liihr et al.,
2004) satellite data.

3.3. Altitudinal variation of EEJ signatures

Altitudinal variation of EEJ parameters such as ampli-
tude and width are investigated using Swarm-B and
Swarm-C observations along with the fitted empirical
model of EEJ. The observations are shown in Fig. 4. Here,
the satellite passes of Swarm-B and Swarm-C are selected

(b) 120

Ground (nT)

EEJ-X

x10

(d)

W (deg)

0 50 100 150 200
JO (A/Km)

Fig. 3. Comparison of EEJ current parameters with EEJ estimated at ground. Different panels show the variation of EEJ amplitude at the ground with (a)
peak current density, (b) total eastward current with and (c) EEJ current axis and (d) the variation of EEJ current width with peak current intensity.
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Fig. 4. EEJ signature estimated (dashed line) at (a) Swarm-B, (b) Swarm-
C, (c¢) current height and (d) ground, using Swarm-B measurements,
together with actual observations (solid line) from Swarm-B and
Swarm-C.

for the period when both were orbiting one above the other
at nearly identical longitudes (<3°). Arranged in the
decreasing order of altitude, panels from top to bottom
in Fig. 4 show EEJ-X calculated (dashed line) at locations
of (a) Swarm-B, (b) Swarm-C, (¢) at 105 km altitude, and
(d) at ground by fitting the electrojet model to Swarm-B
observations. The actual observations (solid line) from
Swarm-B and Swarm-C are also shown together with the
fitted profiles in Fig. 4a and b. The figure exhibits the
EEJ signatures and its characteristic features such as ampli-
tude and width, at different altitudes. With opposite sense
of magnetic field directions above and below the current
layer at 106 km altitude, EEJ shows inverted signatures
at satellites and at locations below the current altitude.
Unlike at satellites, the EEJ signature below the current
layer shows a maximum near dip equator and two minima
on either side, with the locations of minima marked as the
shoulders of EEJ.

It is obvious to find that amplitude of EEJ depends on
the distance from the current system and is clearly demon-
strated in Fig. 4. EEJ shows maximum amplitude at a loca-
tion just below the current layer (Fig. 4c). With increasing
distance from the current sheet, it is observed that the EEJ
amplitude decreases, i.e., EEJ signatures at a higher dis-
tance from the current layer are found to have smaller
amplitudes. At the ground, which is 106 km below the cur-
rent layer, EEJ amplitude decreases to ~0.4 times the peak

value (Fig. 4d). whereas at Swarm-B (Fig. 4a) and Swarm-
C (Fig. 4b), which are nearly at 4 times higher distance
compared to the ground, the EEJ amplitude is found to
be reduced to ~0.8 times its peak value.

The width of EEJ signature, when compared to that of
amplitude, is found to have an inverse dependence on the
distance from the current layer. The width of the EEJ sig-
nature is directly proportional to the distance from current
layer, i.e., as the distance from the current layer increases
the width of the signature also increases. EEJ signature is
found to be most narrow near the current layer. At ground
and satellites, the width of EEJ signature is found to
increase by ~2° and ~4° respectively.

Fig. 5 shows the average variation of the (a) width and
(b) amplitude of EEJ at different altitude. These two
parameters were estimated using observations from
Swarm-B, during April 2014 when Swarm-B and Swarm-
C were moving at nearly identical longitude with a radial
separation of ~50 km. The blue bars in Fig. 5a and b indi-
cate the average values calculated using Swarm-B observa-
tions and the red bars indicate the average values of the
actual observations at Swarm-C. Apart from these four dis-
crete locations, the continuous altitude profiles of these
parameters are estimated at every 5 km separations and
are marked with black solid line. The average profile shows
maximum amplitude and minimum width near current alti-
tude, with amplitude (width) decreasing (increasing) with
increasing distance from the current layer. The average val-
ues also show that EEJ amplitude reduces by a factor of
~0.4 at the ground and ~0.8 at the satellite with respect
to the peak value. Similarly, the width of EEJ increases
by ~2° at the ground and ~4° at satellite with respect to
that at the current location. Thus, the amplitude and width
of EEJ show an inverse relationship with altitude.

3.4. Characteristics of westward currents at off-equatorial
latitudes

Fig. 6 shows the latitudinal profile of the current density
derived using Eq. (2) during a noontime satellite pass. It
shows the maximum eastward current density (Jo = OD)
at dip equator and maximum westward current on both
sides of the dip equator at ~ =+ 5° latitudes, marked as Bl
and B2, which are termed as the ‘shoulders’ of EEJ. Note
that ideally, beyond ~ 10-15° latitude, the currents should
become zero, but the profile shows an increasing trend,
which could be due to improper removal of Sq contribu-
tion or bad fitting of the empirical model at those latitudes.
However, the presence of westward current peaking near
+5° dip latitudes was also marked through other studies
such as line current model used by Liihr et al. (2004), etc.
Hence, the locations of westward currents are predicted
well by present fitting. Liihr et al. (2004) considered these
westward currents as an indicative of return currents of
EEJ. Actually, unlike Sq currents, there is no clear evidence
of closure of the EEJ current using ground magnetic field
measurements, and hence it is a debatable topic (Vichare
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et al., 2016). Using ground, rocket, and satellite based
observations, Onwumechilli (1992) reported the presence
of return currents of EEJ in both hemispheres at off-
equatorial latitudes, suggesting that EEJ current gets
closed in a horizontal plane with westward return currents
flowing at some latitudes between the dip equator and Sq
foci. However, Stening (1995) proposed that these west-
ward currents are not necessarily a part of EEJ (Stening

1995). Instead, they are caused by the vertical wind shears
associated with tidal winds and gravity waves (Richmond,
1973; Reddy and Devasia, 1981; Stening, 1995]. However
several studies using LEO satellites have interpreted the
EEJ ‘shoulders’ (maxima) present on either sides of the
dip equator as the signature of return (westward) currents
flowing at the flanks of the EEJ (Cain and Sweeney, 1973;
Jadhav et al., 2002a; Liihr et al., 2004).

We use the current density profile depicted in Fig. 6 to
investigate the characteristic features of forward (eastward)
and return (westward) currents of the electrojet. Liihr et al.
(2004) found that the return current peaks at +5° dip lati-
tudes and reduces to zero level at almost 4° off the shoulder
locations in both the hemispheres (their Fig. 3). In the pre-
sent analysis, we adopt the similar latitudinal positions for
the termination of the EEJ currents, as our profiles nor-
mally do not converge to zero as mentioned above. There-
fore, we fit a dotted line passing through the points 4°
beyond the shoulder locations in both the hemispheres,
which is marked as zero level. In Fig. 6, the areas shaded
in magenta and blue colours represent the total forward
(eastward) and total return (westward) currents respectively.

The forward and return currents are estimated using all
the satellite passes of Swarm-B as described above. Fig. 7a
shows the variation of the return currents with peak cur-
rent density (Jy). The return currents are found to vary pro-
portional to the peak current density, implying that
stronger jet currents will cause larger return current flows.
Fig. 7b shows the variation of total return currents with
total forward current. In general, the return current shows
a linear variation with the forward current, but with a lar-
ger scatter. The slope of the fitted linear regression line



N. Thomas et al. | Advances in Space Research 59 (2017) 1526-1538

Total Return current (A)

Peak Current density (A/Km)

0 50 100 150 200

1533

3.5

Total Return current (A)

15

Total Forward current (A) .
x 10

Fig. 7. Scatter plot showing the variation of total return current with (a) peak current intensity and (b) total forward current along with the fitted linear
regression line (red solid line) and the boundaries of the scatter (red dashed lines). (For interpretation of the references to colour in this figure legend, the
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(solid red line) is found to be 0.25. It can be noticed that the
variance in the scatter increases with increase in the value
of forward current. This indicates the heteroscedastic beha-
viour of the scatter. Statistical tests of significance used in
the linear regression analysis are not valid for such type
of data set, as they assume a constant variance in the scat-
ter. Therefore, we have not estimated the significance levels
of the fitted line, instead, we have plotted the boundary
lines B1 and B2 (red dashed lines). These boundary lines
are obtained by fitting linear regression lines through the
points of maximum variance on either side of the solid
red line. The slopes of lines Bl and B2 are found to be 1
and 0.1 respectively. This indicates that the return current
can have values ranging from 0.1 to 1.0 times the forward
current. This means that the return current can be equal to
forward current or it can be as low as 0.1 times the forward
current. The hemispheric asymmetry in the EEJ current is
investigated by calculating the forward and return currents
in both northern and southern hemispheres separately. In
Fig. 6, the area enclosed by the curves C;DO and C,DO
are considered as the total forward currents in southern
and northern hemispheres respectively. Similarly, the area
enclosed by the curves A;B;C; and A,B,C, are the total
return currents respectively in the southern and northern
hemispheres. Both forward (Fig. 8a) and return (Fig. 8b)
currents in northern and southern hemispheres show a
nearly linear variation, with a slope of 1.0 for forward
and 0.95 for return currents. In these scatter plots also
one can observe the increase in variance with the increase

in current values suggesting heteroscedastic behaviour.
Therefore, we have plotted the upper and lower boundaries
(red dashed lines) as described in the previous paragraph.
The slopes of the upper and lower boundaries for the for-
ward current are found to be 2.3 and 0.67 respectively. This
indicates that the forward currents in the northern hemi-
sphere can vary between 0.67 and 2.3 times that in the
southern hemisphere. Similarly, for the return currents,
the slopes of the boundaries are 2.0 and 0.46. Thus, the val-
ues of forward and return currents in the northern hemi-
sphere can be as low as half or as high as double of that
in the southern hemisphere, suggesting strong hemispheric
asymmetry. These observed hemispheric asymmetries
might have seasonal and LT dependence, which will be
worth examining. However, due to limited dataset used
in the present analysis, it is not possible to study in the pre-
sent paper and will form the part of the future studies.

3.5. Longitudinal variation

The longitudinal variation of the running average of dif-
ferent EEJ parameters is detailed in this section. Here, the
average values of EEJ parameters are computed for a lon-
gitudinal window of 30°, stepping forward by 15°, with
three-points smoothing. The error bars shown here repre-
sent the standard error.

Firstly, we present the longitudinal variation of the aver-
age values of the amplitude and the width of EEJ estimated
at the ground and is shown in Fig. 9. Earlier studies have
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Fig. 9. Longitudinal variation of EEJ (a) strength and (b) width at ground.

shown that EEJ undergoes a strong variability in its ampli-
tude and shows peaks at different longitudes. As indicated
by the previous researchers, these peaks in EEJ could be
due to the tidal winds in the E-region ionosphere
(England et al., 2006; Fang et al., 2009; kil et al., 2011).
Various studies have indicated the influence of non-
migrating tides on EEJ (Jadhav et al., 2002; Alken and
Maus, 2007; Lihr et al., 2008, 2012). Diurnal Eastward
wave number 3 (DE-3) non-migrating tides are found to
have a major effect on EEJ resulting in a 4-peak structure
in the EEJ amplitude during the major part of the year.
In the present paper, we found that the EEJ amplitude
using Swarm observations also reveal four peak structure
(Fig. 9a). The noted peaks at ~0°, 100°, 200° and 270°E
are well in agreement with the earlier observations using

Orsted (Jadhav et al., 2002) and CHAMP (Liihr et al.,
2008) and by the climatologically model of EEJ (Alken
and Maus, 2007). The width of EEJ (Fig. 9b) estimated
at the ground also show similar structure, although peak
at 200° is not clear.

Fig. 10 shows the longitudinal variation of the latitudi-
nal extent of forward and return currents of EEJ. The loca-
tions of the boundaries of forward current marked as Cl
and C2 in the current density profile in Fig. 6 are consid-
ered as the latitudinal extent of forward current. The aver-
age variations of these boundaries in both northern and
southern hemispheres are shown in Fig. 10b and c respec-
tively. Similarly, Fig. 10a and d show the average location
of the return current peaks (location of Bl and B2 in Fig. 6)
in both the hemispheres. The forward current band is
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Fig. 10. Longitudinal variation of the locations of the boundary of
forward current (b and c) and the locations of the return current peaks (a
and d) in both the hemispheres.

observed to have a latitudinal width of +4° and the return
current is found to peak between +4° to +6° dip latitudes.
These observations are in accordance with Liihr et al.
(2004). Fig. 10 shows that the latitudinal extent of the cur-
rent band (including both forward and return currents)
exhibits a longitudinal variation, showing a multi-peak
structure. The variations in the southern and northern
hemispheres show clear peaks at ~0°, 110° and 270° longi-
tudes. The location of these peaks matches well with the
longitudinal variation of EEJ amplitude and width pre-
sented above. A small peak at 220° can be seen in the
southern hemisphere, which is completely absent in the
northern hemisphere. In general, the variations in the
northern and the southern hemisphere are found to be con-
sistent with each other.

3.6. Local time variation

Fig. 11 depicts the LT dependence of the mean EEJ
amplitude (Fig. 11a) and the mean deviation of EEJ axis
from the dip equator (Fig. 11b). Here the hourly mean val-
ues are calculated using the observations from satellite
passes over all longitudes. Fig. 11a shows a clear local time
variation of the EEJ amplitude, peaking near noon. It is
observed that EEJ axis slightly shifts away from the dip
equator during morning and afternoon hours. The devia-
tion in EEJ axis is found to be anti-correlated with EEJ
amplitude, i.e., when EEJ axis is away from the dip, the
amplitude of EEJ at the ground is found to be small. This
shows the dependence of EEJ amplitude on the location of
EEJ axis.

4. F-region currents

In the previous section, we have estimated the westward
currents flowing at the off-equatorial location, which can
be considered as horizontal return currents of EEJ. It is
also possible to have vertical return currents (meridional
currents) as suggested by Maeda et al. (1982). Therefore,
it is required to examine the vertical extent of the EEJ cur-
rent system. Since LEO satellites fly in the F-region, it is
possible to detect in-situ currents. Using Ampere’s Eq.
(7), one can estimate the northward (Jx- positive north-
ward), zonal (Jy- positive eastward) and vertical (Jz- posi-
tive downward) current densities, as displayed in Eqgs. (7a),
(7b) and (7c¢).

VXB = pJ (7)
- L(2-2)
=122
- L(-2)

To estimate vertical currents, it is clear from Eq. (7c) that
the first term can be computed by using a latitudinal profile
during the satellite pass, but to obtain the contribution
from the second term it is required to have a pair of satel-
lites separated in longitude with constant height. Swarm,
being the three-satellite constellation, can provide this
opportunity. We have selected two noon-time passes dur-
ing 22 April 2014, when Swarm A and Swarm C were
simultaneously located at the same height and separated
in the longitude by ~1°. The top panel of Fig. 12 shows
the average profiles of Bx, By and Bz components observed
by Swarm A (red) and Swarm C (blue). Normally, the pro-
files of Bx and Bz components are smooth, while By profile
often contains small scale variations. Similar observation
was also noticed by Liihr et al. (2006). Therefore, we have
selected the passes which depict most stable By variations.
However, we would like to bring to the notice that in gen-
eral, the By variations during all the passes with LT near
noon hours show similar bipolar signature, which is also
in accordance with Liihr et al. (2006). Therefore, the results
shown in Fig. 12 can be considered as representative of
other passes. The estimated Jz current density is depicted
in Fig. 12 along with first and second terms of Eq. (7¢)
(Fig. 12d,e,f).

The estimated vertical current density, Jz (Fig. 12d)
shows a maximum positive value at near equator and peak
negative values at off-equatorial latitudes. This indicates a
downward flowing current near the dip equator at satellite
altitude, and the current turns upward at off-equatorial lat-
itudes in the northern and southern hemispheres. These
results are similar to those observed by Liihr et al.
(2006), who ignored the second term (dBx/dy) and com-
puted only the first term using single satellite CHAMP.
Recently, Liihr et al. (2015) used Ampere’s ring integral
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to estimate the vertical currents, considering the combina-
tion of two Swarm satellites and get similar results.
According to the meridional current model of EEJ pro-
posed by Maeda et al. (1982), upward currents flowing near
dip equator map as downward currents at the off-
equatorial latitudes in both the hemispheres. But we are
observing opposite directions near noon times, hence the
estimated vertical currents might not be related to EEJ cur-
rent system and can be attributed to meridional currents
caused by thermospheric winds flowing in the F-region
(Lihr et al., 2006, 2015).

5. Discussion and summary
Magnetic field measurements from LEO satellites form

an excellent data base for the study of equatorial electrojet
and its global variability. Polar LEO satellites in its transit

from pole to pole monitor the EEJ currents flowing at the
equatorial latitudes. The magnetic field measurements by
these satellites are used to study various parameters of
EEJ (Jadhav et al., 2002; Ivers et al., 2003; Liihr et al.,
2004, 2008; Alken and Maus, 2007). On a single day, the
satellite monitors EEJ flowing over different longitudes
around the globe at nearly identical LTs, and hence it is
possible to study the longitudinal variability of the current
system. To date, different methodologies have been used to
derive an understanding of the features of the electrojet
currents using various polar LEO satellite missions.
Through the present paper, we intent to revisit the problem
using an independent dataset from a recent multi-satellite
mission Swarm.

In this study, we have fitted an empirical model of elec-
trojet into the Swarm magnetic field observations to obtain
the EEJ current parameters, such as peak current density,
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total forward current, the width of the current system, etc.
Unlike the previous studies which fitted empirical model of
EEJ assuming symmetry of the EEJ signature in both the
hemispheres, present work takes into account the hemi-
spheric asymmetry. Here, we obtain the model parameters
separately for both hemispheres. The methodology
adopted in finding the current parameters are validated
by estimating X variations at Swarm-C using the nearly
simultaneous measurements from overhead (longitudinal
separation <5°) Swarm-B satellite pass, and comparing
with the actual observations from Swarm-C satellite. The
current parameters obtained are found to be well corre-
lated with EEJ characteristics such as amplitude and width
estimated at the ground. This confirms that current param-
eters estimated in the present study can be used in investi-
gating EEJ characteristics.

The EEJ have inverted signatures above and below the
ionospheric current height. Further, for the first time, we
have shown the height dependence of the amplitude and
width of EEJ (Fig. 5). It has been demonstrated that with
increasing distance from the current layer, the EEJ ampli-
tude decreases and the width increases. The EEJ amplitude
at the ground is found to be reduced to ~3/4 of its peak
value near current height (~105 km), whereas at satellite
altitude (~400 km), the EEJ amplitude is found to be
reduced to 1/3 of the peak value. At the same time, the
width increases by ~2° at the ground and by~ 4° at
satellites.

The present study also brings out the interesting features
of the forward and return currents of EEJ. Return currents
estimated are found to be proportional to the peak current
density (Fig. 7a), indicating that the current sheet with lar-
ger peak current densities has stronger return currents.
Return currents also showed a linear variation with for-
ward current, but the scatter is observed to be higher at
higher forward current values (Fig. 7b). The forward to
return current ratio is found to vary between 0.1 — 1. Also
the forward and return currents in the northern hemisphere
are found to have values ranging between ~0.5 and 2 times
of that in the southern hemisphere suggesting hemispheric
asymmetries in the current (Fig. 8). These observed hemi-
spheric asymmetries might have seasonal and LT depen-
dence which can be examined in future studies.

Another important characteristic feature of the EEJ cur-
rent investigated is its latitudinal extent (Fig. 10). The for-
ward current band is found to have a latitudinal width of
+4° and also shows strong longitudinal variability with
four peak structure (Fig. 10b and c¢). The average locations
of the return current peaks vary between +4° and +6° dip
latitude and are also found to have longitudinal variation
similar to forward currents in both the hemispheres
(Fig. 10a and d). The width of the current band is observed
to peak at ~0°, 100°, 200°, and 280°E longitudes and is
consistent with the longitudinal profile of EEJ current
amplitudes estimated using previous LEO missions
(Jadhav et al., 2002; Alken and Maus, 2007; Lihr et al.,
2008).

The longitudinal variations of the amplitude and the
width of the EEJ signature also show four peak structures
(Fig. 9a and b). The peaks are found to match well with
those of the variations of the latitudinal extend of forward
and return current. These variations, as pointed out by the
previous researchers, are caused by the strong influence of
non-migrating DE3 tidal mode on EEJ (Jadhav et al., 2002;
Alken and Maus, 2007; Liithr et al., 2012). It has been
noticed by several researchers that the tidal modes have
strong seasonal dependence. Therefore, it would be more
useful to carry out the analysis for different seasons sepa-
rately. However, with just one and half year data from
Swarm satellites there is no good local time coverage for
all the seasons and hence, we could not examine this
feature.

Although polar LEO satellite cannot witness the day-
to-day temporal variation of EEJ, the average variation
of electrojet features with LT can be investigated with
the considered data set of one and half years during which
satellite witnesses all LTs nearly 5 times. The amplitude of
EEJ estimated at ground showed a clear LT dependence,
with amplitude peaking near noon (Fig. 11a). The average
location of EEJ axis is also observed to have LT depen-
dence (Fig. 11b). During noon hours when electrojet
strength is observed to be maximum, the axis is found
to be located closest to the dip equator, whereas during
morning and evening hours EEJ axis deviates from the
dip equator. So, it can be inferred that the weak EEJs
appear to have axis slightly away from the dip equator.
These observations are also in accordance with the
previous studies (Fambitakoye and Mayaud, 1976;
Jadhav et al., 2002).

The vertical currents estimated using simultaneous
observations from Swarm A and Swarm C satellites
(Fig. 12) were found to flow downward over the dip equa-
tor and upward at off-equatorial latitudes during noon
hours. This indicates the existence of meridional currents
at satellite altitude, which may be caused by the thermo-
spheric winds flowing in the F-region (Liihr et al., 20006,
2015).

The characteristic features of EEJ parameters discussed
in the present paper are broadly in agreement with those
obtained from previous LEO missions. With this back-
ground, we aim to carry out further detailed investigations
of different current systems associated with EEJ (such as
three dimensional structure of meridional currents, thick
shell of EEJ current system, etc.).
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