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Abstract. While the formation of equatorial electrojet (EEJ) 1 Introduction

and its temporal variation is believed to be fairly well un-

derstood, the longitudinal variability at all local times is still The worldwide solar-driven wind results in the so-called Sq
unknown. This paper presents a case and statistical study dgolar quiet) current system in the E region of the earth’s
the longitudinal variability of dayside EEJ for all local times ionosphere (100-130km altitude). The Sq current in turn
using ground-based observations. We found EEJ is strongefauses the generation of an east-west electrostatic field at
in the west American sector and decreases from west to ea$fte equatorial ionosphere, which is directed eastward during
longitudinal sectors. We also confirm the presence of signif-dayside. At the magnetic dip equator, where the geomagnetic
icant longitudinal difference in the dusk sector pre_reversame'd is horizontal, this electric field results in an enhanced
drift, using the ion velocity meter (IVM) instrument on- €astward current flow along the magnetic equator, known
board the C/NOFS satellite, with stronger pre-reversal driftas the equatorial electrojet (EEJ) (e.g., Stening, 1995). The
in the west American sector compared to the African sectorEEJ is a narrow (withint3° of the magnetic equator) ribbon
Previous satellite observations have shown that the AfricarPf current flowing eastward in the daytime equatorial region
sector is home to stronger and year-round ionospheric bubof the earth’s ionosphere. Since its discovery, after the in-
bles/irregularities compared to the American and Asian secstallation of a geomagnetic observatory at Huancayo (Peru)
tors. This study’s results raises the question if the verticalnear the dip equator, the EEJ has been the subject of many
drift, which is believed to be the main cause for the en-Studies. Most of the first studies were carried out to explain
hancement of Rayleigh—Taylor (RT) instability growth rate, the generating mechanism of such an intense current flow
is stronger in the American sector and weaker in the Africanalong the dip equator (Baker and Martyn, 1953; Chapman

sector — why are the occurrence and amplitude of equatoria®nd Bartels, 1940). Since the 1970s, some theories and phys-
irregularities stronger in the African sector? ical models of the ionospheric dynamo have been developed

(e.g., Richmond, 1973; Stening, 1995) in order to explain the
mechanism of the EEJ flow and its main features, such as
day-to-day and seasonal variability, counter-electrojet, elec-
trodynamics processes of coupling with global-scale current
systems, etc.

Keywords. lonosphere (electric fields and currents; equato-
rial ionosphere; ionospheric irregularities)
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The longitudinal variability of the EEJ has not been thor- ion velocity meter (IVM) instrument onboard the Commu-
oughly investigated due to the lack of ground-based instru-nications/Navigation Outage Forecasting System (C/NOFS)
ment observations that track the temporal variation of thesatellite have also been used to perform the longitudinal vari-
electrojet at different longitudes. Thus, the study of the longi-ation of in situ drift velocity.
tudinal variability of the EEJ has been possible only using in
situ rocket (e.g., Onwumechili, 1997) or LEO satellite (e.qg.,

Ivers et al., 2003; England et al., 2006; Luhr et al., 2008)2 Data analysis

observations. The first global longitudinal picture of the EEJ

was deduced from the polar orbiting geophysical observatoryThrough a cooperative program with the United Nations Ba-
(POGO) satellite observations (e.g., Onwumechili and Agu,sic Space Science (UNBSS) program, the IHY/ISWI has fa-
1981). Then the launch of different LEO satellites with mag- cilitated the deployment of a number of arrays of small in-
netometers onboard, such as @rsted, Challenging Minisatelstruments to make global measurements of space-physics-
lite Payload (CHAMP), and Scientific Application Satellite- related phenomena. The African Meridi&rfield Education

C (SAC-C), provide the opportunity to image the longitu- and Research (AMBER) magnetometer array is one of the
dinal EEJ distribution which shows some common featuresground-based instruments deployed in Africa under the IHY
Both @rsted (e.g., Ivers et al., 2003) and CHAMP (e.g., Luhrprogram (Yizengaw and Moldwin, 2009). The AMBER ar-

et al., 2004) observations show clear dependence on longiray contains fifteen magnetometers (either deployed or in the
tude, with stronger EEJ intensity peaks over South Amer-process of deployment) and spans across Africa, Asia and
ica and Indonesia, which they attributed to the dependenc®razil beneath the geomagnetic equator from the L of 1.0
of the Cowling conductivity on the ambient field strength. to an L of 1.4. One of the objectives of the AMBER array
Similarly, England et al. (2006) reported a four-peaked lon-is to address the processes that govern the electrodynamics
gitudinal structure of noontime EEJ during equinox seasonspf the equatorial ionosphere in the African sector and com-
and it was attributed to a large-scale variation of the E layerpare and contrast with electrodynamics in other longitudinal
dynamo driven by tidal winds, which is caused by non- sectors. Similarly, the Low Latitude lonospheric Sensor Net-
migrating tides originating in the tropical troposphere (e.g.,work (LISN) project (Valladares and Chau, 2012) has been
Forbes et al., 2006). instrumental in deploying five magnetometers in the Peru-

It has been well accepted that the vertifak B drift ve- vian and west Brazilian sector along the geomagnetic equa-
locity in the equatorial F region can be estimated using pairgor.

(one placed at the geomagnetic equator and one off the equa- The magnitude and direction of the dayside vertical ve-
tor) of ground-based magnetometer observations (Andersofocity (E x B drift) can be easily estimated using pairs of
etal., 2002, 2004; Yizengaw et al., 2011, 2012). theom-  ground magnetometers around the dip equator (Anderson et
ponent observations from a magnetometer locatetb &° al., 2004, 2006; Yizengaw et al., 2011, 2012). The equatorial
away from the magnetic equator are then subtracted fronelectrojet current (EEJ) produces a strong enhancementin the
the H component value measured by a magnetometer on thél component magnetic field measured by magnetometers lo-
magnetic equator, and this eliminates the Dst ring current andated within+-3° of the magnetic equator. In principle, mea-
the global Sq dynamo components Bf The resulting dif-  suring this perturbation in equatorial magnetometers could
ference is thus only related to the ionospheric electrojet curprovide a direct measure of the EEJ. However, ground mag-
rent and hence the east—west electrostatic field of ionospheriaetometers respond to all currents within their field of view.
origin not associated with the ring or the Tail currents (An- Equatorial stations respond primarily to the EEJ, which is di-
derson et al., 2004). The electric field or EEJ varies with lon-rectly overhead, but also to the ring current and the global
gitude, season, local time, and on a day-to-day basis. quiet time Sq current system. The typical extent of the EEJ is

The situation of the ground-based instruments improvedwithin +3° of the dip equator. Ground magnetometers just
considerably after the launch of a United Nations sponsoreautside the extent of the EEJ?-8° off the dip equator,
program known as the International Space Weather Initiawould exhibit near-zero response to the EEJ, but have the
tive (ISWI), a continuation of the International Heliophys- same response to the ring and Sq currents as an equatorial
ical Year (IHY), which has facilitated the deployment of a station. The ring current and global Sq dynamo contribution
number of small instrument arrays, including magnetometergo the H component can then be removed by taking the dif-
(Yizengaw et al., 2013a). These arrays of instruments allowference between thH component recorded at the magnetic
us to partially cover the largest landmass beneath the gecequator and off the equator6—9 geomagnetic). The differ-
magnetic equator, especially in regions that had been devoidnce is the only part of th# component field that is related
of ground-based instruments, such as in Africa. to the EEJ current contribution which, in turn, is directly re-

In this study, data from five pairs of magnetometers thatlated to the east—west electric field. Therefore, & B
are distributed in the South American and African sectorsdrift can be estimated using the resulting differenaeH()
are used to examine the temporal longitudinal variability value of the H component field (see Anderson et al., 2004).
of EEJ and thus the vertical drift. Similarly, data from an To avoid different offset values of different magnetometers,
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Fig. 1. Geographic location of the ground-based magnetometers
used for this study. The solid horizontal line depicts the geomag-
netic equator, and the two dashed lines indicate the EEJ region.
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the nighttime baseline values in th# component are first
obtained for each day and subtracted from the corresponding
magnetometer data sets. This provides the variation of day-
time H component values of each magnetometer. -20 : : : :
For this study the list of magnetometers that have been LT (hr)

used for EEJ observation and thus estimation of drifts at dif-

ferent longitudes are given in Table 1. The geographic locaFi9- 2. (Top panels) the magnetic fluctuation recorded at the geo-
tions of these magnetometers are shown in Fig. 1. We alsgragnetic equator (_red curves) and off the magnetic equator (green
inspect data from IVM instrument onboard the Communica-curves) and the difference between red and green curve (black

. L . . (Bott I timat&dx B drift (bl d
tion/Navigation Outage Forecasting System (C/NOFS) satel~ urve). (Bottom panels) an estima fft (blue curve) an

. Lo A N ; red dots represent vertical drift velocity observed by the JULIA
lite to see the longitudinal variability of the in situ drift ob- 155 m radar respectively.
servations. Unlike the magnetometer observations, the IVM

data provides in situ drift values for both day and night local
time sectors. We selected IVM data only when C/NOFS or-
bits within +8° of the dip equator and altitude below 500km. ~ The isolated effect of the equatorial electrojet current (the
The IVM data are also arranged withie3.5 of the longi- black curve in top panel of Fig. 2) and the corresponding

tudes where we have magnetometer observations. drift velocities have been estimated using pairs of magne-
tometers located at different longitudes and compared to each

other to investigate the longitudinal variability of EEJ. Fig-

3 Observations ure 3 shows the EEJ currents (top panel) and the correspond-
) ) _ ing drift velocities (bottom panel). The different color of the
Figure 2 shows a typical example of EEJ and equatorialyryes represents different longitudes which are shown in Ta-
drifts estimated from magnetometer pairs located in the weshje 1. |t shows the EEJ and thus vertical drift decreases in
American sectors on 2 January 2010. The top plots shownagnitude from the American to African sectors. The EEJ
the H component field variation recorded at the geomag-and drift at Jicamarca is greater than the one in Addis Ababa
netic equator (red curve) and off the equator (green curve)py aphout 40 %. These longitudinal drift trends have been ob-
The black curve is the difference between the red and greegerved for most of the events. Figure 4 shows 4-year (2010
curves (\H), representing the isolated effect of the equato-2013) average statistical plots of EEJ (left panels) and the

rial electrojet current. The blue curve in the bottom plot is ¢orresponding vertical drift velocity (right panels), which are
the E x B drift estl_mated from the cor_respondl'ZQH _vaI- plotted in local time versus months of the year. Each panel
ues (black curve in the top plot), using the technique de-represents different longitudes, which are given at the right
scribed in Anderson et al. (2004). The drift velocity, esti- sige of each panel. The white areas indicate data were not
mated from magnetometer observations, has also been valiyailable from either of the pair stations in that longitudinal
dated with radar (red dots) measurements, showing excellenfector. Data from both the equator and off the equator stations
agreement between the two independent observations. are required to obtain the EEJ aBick B drift. In general, the
longitudinal EEJ andt x B drift distribution have higher val-
ues in the west American sector and start decreasing to the

I
o
T
1
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Table 1.List of magnetometer stations used.

Station name Station code Projectitbelongsto Geog.Lat. Geog.Lon. Geom.Lat. Geom. Lon.
Adigrat ETHI AMBER 14.3 N 39.5E 6.C°N 111.PE
Abuja ABJA AMBER 10.5N 755 E 06S 79.6 E
Yaounde CMRN AMBER 39N 115 E 58S 83.TE
Addis Ababa AAE INTERMAGNET 9.0N 38.8E 0.9N 1105 E
Jicamarca JIC JRO 1r8 77.2W 0.8 N 57°W
Piura PIU JRO 5.2S 80.6 W 6.8° N 9.4£°'W
Puerto Maldonado PMO LISN 126 69.2 W 0.I°N 2.1E
Leticia LET LISN 4.2S 69.9 W 8.0°N 2.0°E
Cuiaba CuB LISN 15.8S 56.P W 598 13.8E
Alta Floresta ALF LISN 9.9S 56.P W 0.8S 15.2E
Putre PUT SAMBA 18.3S 69.5 W 558 14E

east, with the exception of EEJ altix B drift magnitudes ExB drift on 28 November 2011

in the West African sector, which is a bit lower than the EEJ 200 J\‘C F;MO ‘ AL‘F T T T

in the East African sector. One of the station pairs in the West 150 i

African sector was deployed in August 2011 and had a power

interruption problem and thus data coverage was not as good 100

as is shown in the plot, with data unavailability for extended &

time periods. In addition to the longitudinal variability, the I =0

EEJ andE x B drift shows clear seasonal differences in mag- =

nitude, with higher magnitudes during equinoxes and lower ° 0

magnitudes in the June solstice.

Figure 5 shows the longitudinal and seasonal variability of -50 7

drift velocity measured by the IVM instrument onboard the

C/NOFS satellite. The IVM data are from the period of Jan- ] R e e

uary 2009 to May 2013. For the purpose of this study, the JIC MO ALE

IVM drift data that are available withia-3.5> of each lon- 30r |

gitude shown at the top of Fig. 5 are filtered and binned into w

15 min time averages for each longitudinal sector. The longi- E

tudinal sectors shown at the top for the corresponding colors ;

are the same as the meridians where we have the ground- 5

based magnetometer pairs. Furthermore, the IVM data that @

were recorded in the region when the satellite was travers- w

ing above 500 km altitude and outsid&° geomagnetic lat- -10F .

itudes have not been used for this study. In general, the IVM

drift velocity also shows stronger drift velocity in magnitude ’207 9‘ w‘w 1‘3 1‘5 .

in the American sector compared to the African sector during

almost all local time sectors. The pre-reversal drift velocities,

which are not possible to estimate using ground-based magrig. 3. The difference between magnetic fluctuation recorded at the

netometers due to weak EEJ during the dusk and night perigeomagnetic equator and off the equator (top panels), and an esti-

ods, are also stronger in the west American sector compareghatedE x B drift (bottom panel). Different colors both in the bot-

to the African sector, as shown in all seasons except duringom and top panels represent different longitudinal sectors.

the June solstice. During June solstice the pre-reversal drift

velocity is weak or even non-existent in the African and east

American sectors, as shown in the top right panel of Fig. 5. yariability of the EEJ intensity and the verticBl x B drift
magnitude and direction. The recently expanded coverage of
ground-based instruments provides an excellent opportunity,

4 Discussion and conclusions for the first time, to investigate the longitudinal variability
of the drift and EEJ from the ground. The advantage of the

In this study we used pairs of magnetometers located at difground-based observations is that they allow monitoring of

ferent longitudes and investigated the longitudinal/seasonahot only longitudinal but also temporal variations of the EEJ

LT (hr)
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Fig. 4. (Left panel) shows 4-year (2010-2013) average statistical local time as a function of day of the year plots of EEJ, and (left panels)
indicates the corresponding vertical drift velocity. From top to bottom, different panels represent different longitudinal sectors which are
given at the right side of each panel.

and drift at different longitudes, in which magnetometers on-CHAMP satellite, reported a detailed picture of the longi-
board the LEO satellite, like CHAMP, are not able to monitor tudinal variability of EEJ, but only for noon local time, and
due to the limited local time coverage at fixed longitudes. An-found stronger EEJ strength in the west American (around
other important benefit of the continuous ground-based ob60° W) and Indonesian (around 10B) sectors and an ab-
servations is that they provide a comprehensive overview ofolute minimum in the East African (around°4p) region.

not only the longitudinal but also diurnal and temporal vari- Similarly, Doumouya et al. (2003), using an empirical model
ability of the EEJ andE x B drift distribution as shown in  of EEJ, which was constructed based on the magnetometer
Fig. 4. Although the magnitudes are different, EEJ and verti-data from 26 stations located at six different longitudes, re-
cal drifts in all longitudinal sectors show consistent seasonaported stronger and weaker EEJ in South America (with a
variation with peaks during equinox and weaker during Junemaximum between 80and 100 W) and in India (between
solstice which is consistent with earlier observations (e.g.,75° and 100 E), respectively.

Fejer and Scherliess, 2001). Both the magnetometer mea- Our two independent observations, as well as earlier mod-
surements (see Figs. 3—4) and IVM observation (see Fig. 5¢ling and satellite measurements of EEJ (e.g., Doumouya
show stronger EEJ strength aRc B driftin the west Amer- et al., 2003; Luhr et al., 2004), consistently show weaker
ican and weaker in the East African longitudinal sectors, withdayside vertical drift or EEJ in the African sector compared
the exception that the magnetometer data are weaker in theith the American sector. The dusk sector vertical drift (see
West African sector (this could be due to lack of continu- Fig. 5), observed by IVM instrument onboard the C/NOFS,
ous data coverage in the West African sector mentioned iralso shows a similar trend, i.e., weaker in the African than
Sect. 3). The general longitudinal distribution trend is con- American sectors. In contrast to these results, ionospheric
sistent with earlier satellite observations (e.g., Luhr et al.irregularities, which are associated to the magnitude and
2004) and model estimation (e.g., Doumouya et al., 2003)direction of vertical E x B drifts and thus the enhance-
Luhr et al. (2004), using magnetometer data onboard thanent of Rayleigh—Taylor instability (RTI) growth rates, that

www.ann-geophys.net/32/231/2014/ Ann. Geophys., 32, 2338 2014
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Fig. 5. Shows statistical temporal, longitudinal, and seasonal vari- __ 04
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normally start right after sunset local time, are stronger and
active all year in the African sector, even during June sol-
stice (e.g., Hei et al., 2005). Figure 6 shows a typical ex-Fig. 6. The distribution of bubbles/irregularities, est_imated frqm

ample of a 3-year (2009-2011) average distribution of bub-GPS TEC recorded from 2009 to 2011, as a function local time
bles/irregularities, estimated from a global positioning SyS_versus months. The different panels represent different longitudinal

sectors, which are given at the right side of each panel. The color

tem (GPS) total electron content (TEC) data using the t(:"Ch'index represents the TEC depth (the TEC difference between tough

nique desc_ribed in_SeemaIa ar_ld Val_ladares (2011), for dify,q crust region of the bubble).
ferent longitudes given at the right side of each panel. The
figure clearly shows activity in all seasons and strong bub-long-lasting bubbles in Africa? If it is the neutral wind, why
bles/irregularities in the African sector compared to otherare the winds unique in terms of orientation and magnitude
longitudinal sectors. Recently, Yizengaw et al. (2013b) re-in the African sector compared to other longitudinal sectors?
ported significantly strong bubbles in the African sector Addressing all these questions is beyond the scope of this
during post-midnight local time under magnetically quiet paper, because at the very least it requires continuous mea-
conditions in June solstice. The question is if the drift is surement of the wind in a region that has never been studied
weaker in the African sector, what causes these strong bubbefore. Recently, Huba and Krall (2013) demonstrated us-
bles that have been observed in the African sector almosing their SAMI3/ESF model that the meridional wind may
throughout the night and during all seasons? Are there otheaiccount for the longitudinal and day-to-day variability of
mechanisms that initiate RTI growth rate other than verti- the bubbles/irregularities. However, the neutral wind estima-
cal drift? According to the RTI growth rate formula, which tion in the African sector, a region that has been devoid of
is given byy = zpzfzg (Vdr— U, — %) Nidd%’ the verti-  9round-based neutral wind measyring instruments, such as
€ Fabry-Perot Interferometer (FPI) instrument, has been based
on only model output. The three funded FPI instruments that

cal drift is supposed to be the primary component to en-
hance the RTI growth rate (Sultan, 1996). (The and are in preparation to be deployed in Morocco and Ethiopia

Ye are F and E region Pederson conductivities, respec- . . )
. ) : . will be instrumental to solving the mystery of the neutral
tively); Var, UL, g, veff, Ne represent, vertical drift, perpen-

. . ) - wind orientation and magnitude and understanding the mech-
dicular neutral wind component, gravity, collision frequency,

. . . .~ anism of how the neutral winds can be a primary driver of

and electron density, respectively. However, in the African : AR : "
) the bubbles/irregularities in the African sector, which are de-
sector that does not seem to be the case. If not the drift, thegCribed in detail above
what could it be? Would it be the neutral winds that cause the '
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In conclusion, this study examined the longitudinal and Baker, W. G. and Martyn, D. F.: Electric current in the ionosphere,
temporal variability of the EEJ anfl x B drift. We character- The conductivity, Phil. Trans. Roy. Soc London A, 245, 251-294,
ized the dayside temporal and longitudinal variations of the 1953.

EEJ andE x B drift velocity, showing clear and consistent Chapman, S. and Bartels, J.: Geomagnetism, Clarendon Press, Ox-
differences as a function of longitude. We also demonstrated ford, 1940. )
the existence of similar longitudinal differences in dusk sec-2°umouya, V., Cohen, Y., Arora, B. R., and Yumoto, K.: Local time

tor vertical drift velocity. In aeneral. the following points can and longitude dependence of the equatorial electrojet magnetic
y-ing ! gp effects, J. Atmos. Solar-Terr. Phys., 65, 1256-1282, 2003.

be taken as the main results of this study. England, S. L., Maus, S., Immel, T. L., and Mende, S. B.:
Longitude variation of the E-region electric fields caused
— Fouryears (2010-2013) of extensive ground-based ob- py atmospheric tides, Geophys. Res. Lett, 33, L21105,
servations show consistently stronger dayside EEJ and doi:10.1029/2006GL027462006.
vertical drift in the west American sector that de- Fejer, B. G. and Scherliess, L.: On the variability of equatorial F-
creases to eastern longitudes all the way to the East region vertical plasma drifts, J. Atmos. Solar-Terr. Phys., 63,
African sector. 893-897, 2001.
Forbes, J. M., Russell, J., Miyahara, S., Zhang, X., Palo, S.,
— In addition to the dayside drift velocities, the five years ~ Mlynczak, M., C., Mertens, J., and Hagan, M. E.: Troposphere-
of C/NOFS satellite (2009—2013) dusk sector verti- thermosphere tidal _coupllng as measured by the SABER instru-
cal drifts (pre-reversal drifts) show similar longitudi- ~ Menton TIMED during July-September 2002, J. Geophys. Res.,

nal variability — stronger in the American than African 111, A10S06, dolL0.1029/2005JA011492006.
sector y g Hei, M. A., Heelis, R. A., and McClure, J. P.: Seasonal

and longitudinal variation of large-scale topside equato-

. o L rial plasma depletions, J. Geophys. Res., 110, A12315,
— Our results are in contrast to the longitudinal distribu-  §4i-10.1029/2005JA011152005.

tion of bubbles/irregularities found in earlier studies, Hupa, J. D. and Krall, J.: Impact of meridional winds on equato-

where irregularities were stronger and active all year in  rial spread F: Revisited, Geophys. Res. Lett., 40, 1268-1272,
the African longitudes compared to the American sec- doi:10.1002/grl.502922013.

tor. This suggests that other mechanisms, in additionlvers, D., Stening, R., Turner, J., and Winch, D.: Equatorial electro-
to vertical drift, contribute to equatorial ionospheric ir-  jet from @rsted scalar magnetic field observations, J. Geophys.
regularities in the African sector and suggest that fu- Res., 108, 1061, ddi0.1029/2002JA00931Q003.
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