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Abstract

noontime, mainly before 1300 LT.

In this study, we constructed an empirical model of the equatorial electrojet (EEJ), including local time and
longitudinal dependence, based on simultaneous data from 12 magnetometer stations located in six longitude
sectors. An analysis was carried out using the equatorial electrojet index, EUEL, calculated from the geomagnetic
northward H component. The magnetic EEJ strength is calculated as the difference between the normalized EUEL
index of the magnetic dip equator station and the normalized EUEL index of the off-dip equator station located
beyond the EEJ band. Analysis showed that this current is always strongest in the South American sector, regardless
of local time (LT), and weakest in the Indian sector during 0900 and 1000 LT, but shifted to the African sector
during 1100 to 1400 LT. These longitude variations of EEJ roughly follow variations of the inversed main field
strength along the dip equator, except for the Indian and Southeast Asian sectors. The result showed that the EEJ
component derived from the model exhibits a similar pattern with measured EEJ from ground data during
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Introduction

The equatorial electrojet current has always been con-
ceived as a phenomenon confined to a narrow area
around +3° of the dip equator. This current is an intense
electric current, flowing eastward in the dayside of an
equatorial E region that is about 600 km wide. The pri-
mary reason for this intense current density is the geo-
magnetic field geometry, which exhibits exactly horizontal
lines of force at these latitudes. On the other hand, solar
quiet (Sq) is a global current system consisting of two
large vortices of electric currents in the dayside iono-
sphere, one in each hemisphere, counterclockwise in the
Northern Hemisphere, and clockwise in the Southern
Hemisphere. This current is driven by solar extreme ultra-
violet (EUV) radiation, which not only produces the
ionization in the E region but also heats the atmosphere
and causes the wind. Both currents overlap at the dip
equator to give the total current and significantly affect
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the geomagnetic data measured in the area (Forbes 1981;
Stening 1995; Onwumechili 1997). Previous study by
Hamid et al. (2014) has successfully separated equatorial
electrojet (EEJ]) and Sq at the dip equator observed from
three longitude sectors: South America, India, and South-
east Asia. The normalization approach suggested by them
gives an opportunity to construct an EE] empirical model
based on observational data, mainly from ground-based
magnetometers, regardless of the effect of EE] and Sq lati-
tudinal variations.

There have been previous attempts in constructing
EEJ models, both theoretically and empirically. Most
theoretical approaches have assumed various current
distributions and analyzed the resulting magnetic ef-
fects (Chapman 1951; Fambitakoye and Mayaud
1976). On the other hand, the empirical model of
Onwumechili and Ezema (1992) is based on POGO
satellite data, which provide measurement of several
important parameters of EEJ, such as mean peak-
current intensity. However, it does not offer a longitu-
dinal profile of EE]J. The longitudinal variation of EE]
has been reported by several studies, such as
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Doumouya et al. (2003), Alken and Maus (2007),
Shume et al. (2010), and Chandrasekhar et al. (2014).
Among these, a comprehensive study is given by
Doumouya et al. (2003) in their empirical model of
EE] magnetic signature based on ground magnetic
data recorded from a single station at six longitude
sectors. However, due to the absence of an off-dip
equator station, they did not eliminate the Sq contri-
bution to geomagnetic data. The same problem was
faced by Doumouya and Cohen (2004). In this study,
we used the same method proposed by Doumouya
et al. (2003), with some modifications. First, we elimi-
nated the Sq contribution at the dip equator by using
a two-station method. Second, we considered latitu-
dinal variation of the Sq and EE] magnetic signature
by normalizing the observation data to the dip equa-
tor. Both aspects were previously unattainable with
ground-based data. The output from the present
model was compared with the study using satellite
data proposed by Alken and Maus (2007). Addition-
ally, we validated the model output by comparing it
with the observation data collected during the same
period of the following year.

Data and method of analysis

In this study, a simple empirical model of the EE] mag-
netic signature was developed using simultaneous nor-
malized data from 12 stations, as shown in Fig. 1. The
stations were grouped into six pairs, one in the South
American sector, two in the African sector (east and
west), one in the Indian sector, and two in the Southeast
Asian sector (east and west). The locations of each sta-
tion are presented in Table 1. The observation data used
were equatorial electrojet index, EUEL (Uozumi et al.
2008), derived from the northward geomagnetic H com-
ponent measured by a ground-based magnetometer sys-
tem, mainly by the Magnetic Data Acquisition System
(MAGDAS) (Yumoto and the MAGDAS Group 2007).
This index represents local magnetic variation after glo-
bal magnetic variation, represented by the EDst index,
was removed from the H component data. Therefore,
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Table 1 Geomagnetic and geographic coordinates of stations
used in this study

Region Station name Geographic Geomagnetic
(code) lat () Lon.() Lat() Lon. ()
South America  Ancon (ANC) 1177 =775 077 35433
Fuquene (FUQ) 540 —7373 1572 35799
African llorin (ILR) 850 4.68 -182 7680
Tamanrasset (TAM) 22.8 55 254 80.6
Adis Ababa (AAB)  9.04 38.77 0.18 11047
Nairobi (NAB) -1.16 3648 —1065 108.18
India Tirunelveli (TIR) 8.70 77.80 021 14930
Alibag (ABG) 1862 7287 1036 14654
Southeast Asia  Langkawi (LKW) 6.30 99.78 =232 17129
Kototabang (KTB) —-020 10032 -1063 17193
Davao (DAV) 7.00 12540 -1.02 19654
Muntinlupa (MUT) 1437 12102 679 192.25

the EUEL index is a local index where its variation is
independent of global disturbances in the equatorial
region, particularly from storm sudden commence-
ment (SSC) and ring currents, and parts of magneto-
spheric origin disturbances. Details on the EUEL
index can be found in Hamid et al. (2013). The sim-
ultaneous data were obtained from September 16 to
30, 2009, which represents the period of solar mini-
mum in fall. The analysis was carried out using the
maximum EUEL index during noontime to avoid
morning and evening local effects such as the
counter-electrojet effect.

As the stations are not located exactly at 0° dip lati-
tude, we utilized the latest comprehensive model (CM),
CM4 global current model (Sabaka et al. 2004), using
ionospheric field components, to normalize observation
data to the dip equator. This approach, introduced by
Hamid et al. (2014), helps to minimize uncertainties due
to the latitudinal variation of both EE] and Sq currents.
The normalized Sq at the dip equator [EUEL (0°)] is ob-
tained from the normalization of EUEL data of stations
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Fig. 1 Map of stations used in this study
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at the off-dip equator [EUEL (6°)], using the following
formula:
oy CM4(0°) o
EUEL(0%) = 5o ( GO)EUEL(B ). (1)
Readings of CM4(0°) and CM,4(6°) were acquired from
the latitudinal profiles of Sq represented by the polyno-
mial fitting of the CM4 model values after the region of
+3° around the dip equator was masked to avoid the in-
fluence of the CM4 EE]J signature. On the other hand,
the total current at the dip equator is obtained from the
normalization of EUEL data observed at the station near
the dip equator directly, using the CM4 model profile
and the same formula. Figure 2 illustrates an example of
TIR-ABG pair in the Indian sector where the normalized
data are indicated by the diamond symbol. The EE]
current was then calculated as the difference between
the normalized total current at the dip equator and the
normalized Sq at the dip equator:

EEJ = EUEL o1 (0°)~EUELg, (0°). (2)
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Fig. 2 Example of a normalization of the EUEL index at the Indian
sector. The black dots indicate the EUEL at TIR and ABG stations
while the normalized readings of these indices are indicated by
open diamonds. The EEJ is calculated by subtracting the normalized
Sq from the normalized total current
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The same procedures were applied to all observation
EUEL data from all station pairs. Figure 3 shows the plot
of the mean EE] magnetic signature around noontime
from 0900 local time (LT) to 1500 LT, calculated from
the normalized data of all station pairs.

EEJ empirical model

The EE] magnetic signature calculated from the observa-
tion data was then used to construct the EE] empirical
model. Two functions considered are local time and lon-
gitude dependence. The time-and longitude-varying
current intensity, /(¢, A), where the unit is in A/m, is
given by

I(t, 1) = In (1) exp (- (t-1) ) 3)

t2

m

In this model, t,, is a fitting parameter that controls
the time window of the Gaussian-like shape with the
average value being 4 h (Doumouya et al. 2003). On the
other hand, both T (the local time of maximum EEJ) and
the longitudinal function of EE], I;;(1), are determined
from the observation data. From the data analysis, it is
shown that on average, T is equal to 1100 LT (see
Fig. 3).

Figure 4 shows the mean values of EE] magnetic
signature along the dip equator at six longitude sec-
tors for local time 0900 LT to 1500 LT. Dash lines
represent the spline interpolations that fit the nor-
malized observation data. It can be seen that the EE]
magnetic component is always strongest in the South
American sector, regardless of local time. However,
the EE] component is found to be weakest in the In-
dian sector during 0900 and 1000 LT but shifted to
the African sector during 1100 to 1400 LT. Based on
the local time dependence discussed earlier, the lon-
gitudinal profile of EEJ (in nT) was chosen to be
expressed by the numerical spline function fitting
the mean EEJ at 1100 LT, EEJ;;(1), with about 30° of
interval between 13 control points, n, along the dip
equator,

EEJ; (V) = ai(A-1)* + bi(A-1)? + c;(A-Ly)
+d; (4)

where the coefficients, a;,, b, c¢; and d,, are the
spline coefficients with i=1,2,3,..,n-1. The control
points A; used here are composed of the longitude of
the dip equator stations and the longitudes of the
added or subtracted 360° from longitudes of these
stations. Figure 5 shows this spline function that fits
the EE] magnetic data. According to Doumouya et al.
(2003), the EEJ strength is best expressed by the
current intensity at the EE] center, which is related to
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Fig. 5 Longitude dependence of the magnetic component of EEJ at 1100 LT and the inverse of the main field (1/F)

the ionospheric regular dynamo, and in turn depends
on the local magnitude of the main field through the
ionosphere conductivity and is given by Ohm’s law in
the low-latitude ionosphere. Both Pedersen and Hall
conductivities depend on the intensity of the main
field through the gyrofrequency, and consequently,
the longitudinal inequalities in the main field (F) are
expected to induce longitudinal variation in the EE]
intensity (Doumouya et al. 2003; Hamid et al. 2013).
We further checked this by plotting the inverse main
intensity field (1/F) at the dip equator, multiplied by
an arbitrary factor, 5x10° in order to reach the
same amplitude range as EEJ. It is shown that the
longitude variations of EEJ roughly follow variations
of the inversed main field strength along the dip
equator with some discrepancy in the Indian and
Southeast Asian sectors. Our result is similar to the
one obtained by Doumouya and Cohen (2004). On
the other hand, Alken and Maus (2007) showed
similar wave structures between their model of EE]
longitudinal profile with the meridional diurnal
winds from the GSWM-02 wind model (Hagan and
Forbes 2002) during both March and September
equinoxes. An independent future study will be con-
ducted to investigate the factors that contributed to
the dependence of EEJ longitudinal structure.

The longitudinal function of EEJ, I;;(1), is then ob-
tained using the following formula given by Doumouya
et al. (1998):

_ EElL(A)

MW = S g ®

(5)

where a and % are the half width and height of EE],
adopted as 330 and 105 km, respectively.

The following expression, corresponding to the fourth-
degree current distribution, is then used to compute the
EE]J magnetic signature in nT:

EEJ(¢, A) = 0.2% [(az—Xé)z + (2a®-6X3)1* + h4] (arctanRp—arctanR, )

0228 [2(a®-X3) Xsh + 2X5H] [In(1 + B}) - In(1 + B3]
+0 PCLs
“at3

I
70.2;‘; [(2a®-6X2)H* + h*] (Rg-Ra)

(R3-R3)-0.4 %Xsh3 (R2-R%)

(6)

where Xg = ws—c = 0; Ry =%52; Ry =25t

This equation is adopted from Doumouya et al. (2003)
with a modification where the distance between stations
located at positions xs and ¢ (position of EE] center),
symbolized as X, is assigned to 0 due to the applied
normalization technique. I, (current intensity at the EE]
center) is in A/m while EE] is in nT. In the empirical
model developed, I, is represented by the time- and
longitude-varying current intensity, I(¢, 1), discussed
earlier. The simplified expression is shown below.

I(¢, 1)

4

3
_ 2, 12\2 ay  a h_ 3, 13
EEJ(¢, 1) = 0.4 P {(a + 1) arctan<h> +—3 2a°h-ah

2
348713 x ) exp ( (¢-11) )

28.94 16
2
= 1.205 EEJ;; (A) exp <- (e-11) )

16
(7)

The comparison between measured and modeled EE]
components between 0900 LT and 1500 LT for available
dip equator stations are presented in Fig. 6, where it is
shown that the patterns of measured and modeled noon-
time EE]J are quite similar, with the greatest difference in
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Fig. 6 Comparison between observed data represented by the mean EEJ during September 16-30 (filled circles) and computed EEJ (circles)
during noontime

magnitudes at about 25 nT at the South American sec-
tor. A good agreement can be observed in the Indian
sector. This is proven by the root-mean-square deviation
(RMSD) value calculated between the measured and
model EEJ magnetic components for each longitude sec-
tor, as shown in Table 2. It can be seen that the RMSD
for the Indian sector is the lowest among others, while
that for the Southeast Asian sector is the highest. These
quantitative values agreed with the plots in Fig. 6, in

Table 2 Root-mean-square deviation (RMSD) between
measured data and model output of EEJ magnetic component

Region Station code RMSD
South America ANC 14.64
African ILR 10.22

AAB 13.70
India TR 6.31
Southeast Asia LKW 1547

DAV 1534

which the decreasing trend in EE] strength after 1300
LT appears to be different from measured and modeled
EE] in the African and the Southeast Asian sectors, con-
sequently resulting in the high RMSD at these sectors.
As for the South American sector, the high RMSD value
could be influenced by the large misfit between model
and measured EE] during 1100 LT at the longitude of
Ancon (ANC).

We further examined the longitudinal profile of EE]
magnetic signature derived from the model (circles) and
compared it with the observations (circles filled), as in
Fig. 7. Two prominent enhancements were observed; the
first one was at the South American sector and the sec-
ond one was west of Southeast Asian sector at around
100° E. For each local time from 0900 to 1500, the longi-
tudinal profile of EE] showed that this current was
strongest in the South American sector and weakest in
the African sector, unlike the observation data where
EEJ was the smallest in the Indian sector during 0900
and 1000 LT, but shifted to the East African sector
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Fig. 7 Longitudinal profile of EEJ derived from the model from 0900 to 1500 LT. Circles indicate the EEJ computed at the longitude of
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during 1100 to 1400 LT. Additionally, we added the
mean of the observation data during the same period
(fall season) of 2008 (solar minimum) from all stations,
except DAV at Southeast Asia (due to the absence of
data). These data, represented by the star mark, could be
used as an independent measurement to validate the
model output. The model output was found to be in
good agreement with observation data, from both 2008
and 2009, especially during 1100 and 1200 LT. This vali-
dated the longitudinal profile of the EE] model output,
particularly at local times.

This model provides an improved version of the em-
pirical model proposed by Doumouya et al. (2003). The
data used are from the end of a long, deep, solar mini-
mum (2009), in which the conductivity may be lower
than the normal solar minimum (as EUV was very low
during the deep minimum). Consequently, the magni-
tude of EEJ from this model could be lower. However, it
may not affect the longitudinal variation, which depends

mainly on B and the wind; neither is much influenced
by the deep minimum. Two novel features of this
current model are the normalization of observation data
to the dip equator and the elimination of Sq contribu-
tion at the dip equator, which are limited in most of pre-
vious studies. The EE] longitudinal profile obtained is
similar to the one shown by Doumouya and Cohen
(2004), with some discrepancy appearing in the African
sector, where our result shows a decreasing trend in this
sector while their result shows a small increasing trend.
This could be caused by the location of the observatory
station used. Our second station in this region (AAB,
38.77° E) is located nearest to the edge of the East Afri-
can sector, compared to their station (MOK, 13:48° E).
Therefore, a further study is suggested to include a
dense longitudinal chain of stations across the sector.
Other than that, their study used data from single sta-
tions to represent EE]J at the dip equator, and this might
also cause the difference observed. Thus, the result
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obtained in this study is more precise, as the EE] was
successfully calculated after the Sq effect and uncertainty
due to latitudinal variation of observation data have been
removed. A better comparison can be made with the
study by Alken and Maus (2007) where a clean EEJ sig-
nal was obtained using satellite data. It is expected that
both satellite and ground-based plots of EEJ longitudinal
profiles should highlight the prominent features. The
EE] profile from their study shows a strong enhance-
ment at longitudes of 90° E and 90° W, which corre-
sponds to the enhancement at the Southeast Asian and
the South American sectors in our longitudinal profile
of EE] magnetic effect. However, the other two enhance-
ments at longitude of about 0° and 180° in their study
are unattainable by our model. This is due to the fact
that our model is based on observation data controlled
by the distribution of a ground-based magnetometer,
which explains the differences observed, particularly in
the region of the Atlantic and Pacific Oceans.

Conclusion

An empirical model of the EE] magnetic signature, in-
cluding local time and longitudinal dependence, was
constructed on the basis of simultaneous observations
recorded from 12 magnetometer stations located in six
different longitude sectors after the normalization of ob-
servation data to the dip equator. The analysis showed
that the EE] component is strongest in the South Ameri-
can sector, regardless of local time and weakest in the
Indian sector during 0900 and 1000 LT, but shifted to
the African sector during the period 1100 to 1400 LT.
The result showed that the EE] component derived from
the model presented a pattern similar to the measured
EE] from ground magnetic data mainly before 1300 LT.
In summary, the improved empirical model in this study
has successfully reproduced the EE] components on a
global scale around noontime. In the present study, the
EE] local time profile is assumed to be a simple
Gaussian-type profile. Future work is necessary to im-
prove this profile as well as to account for the longitu-
dinal shift of the minimum EE] at different local times
and to explain the cause of the longitudinal profile
obtained.
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