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Abstract. We apply a simple linear transform, the along- equator. This effect, known as the Cowling effect, is caused
track second derivative, to four years of scalar and vectoriaby the establishment of a strong, vertical polarisation electric
data from the CHAMP satellite. This transform, reminis- field in the equatorial region, where the magnetic field lines
cent of techniques used in the interpretation of aeromagnetiare nearly horizontal. The EEJ flows eastward, like She
surveys, is applied either to the geocentric spherical compoeurrents at low geomagnetic latitudes. A large number of
nents of the field or to its intensity. After averaging in time studies have been devoted to the ionosphere in the equatorial
and space, we first produce a map of the crustal field, themegion (sed-orbes 1981 Rastogj 1989 for reviews).

maps of the equatorial electrojet field at all local times and all  Up until recently, most results about the magnetic field
universal times. The seasonal variation of the electrojet, itoroduced by the EEJ came from ground data. These data
evolution with the solar cycle, and the effect of geomagneticwere acquired in equatorial observatories and by chains
activity are discussed. The variation of the electrojet with of magnetometers installed along the north-south profiles
longitude, an intriguing feature revealed by satellite data, isacross the dip equator in South AmericBofbush and
described in some detail, and it is shown that this longitudeCasaverde1961; Rigoti et al, 1999, Africa (Fambitakoye
dependance is stable in time. The existence of a counterand Mayaud1976 Doumouya et a).1998 and India Ras-
electrojet in the morning, everywhere except over the Pacifiqogi, 1989. Unfortunately, no truly global picture of the EEJ
Ocean, is established. The signatures of closure electric cucan be inferred from ground data only, since a large fraction
rents and of interhemispheric currents are also evidenced. of the dip equator lies over the ocean. The Magsat satellite

Keywords. Geomagnetism and paleomagnetism (Time vari—o_nly partially improv_ed the situation as it provided a global
ations, diurnal to secular) — lonosphere (Electric fields andPicture of the EEJ field only around 06:00 and 18:00 local
currents; Equatorial ionosphere) times, where the EEJ is very weak and cannot easily be sepa-
rated from the underlying crustal fiel@6hen 1989 Cohen
and Achachel99Q Langel et al. 1993 Sabaka et al2002).
ducti The situation has very much improved since the launch
1 Introduction of the @rsted and CHAMP satellites in 1999 and 2000, re-
The equatorial electrojet was discovered after the establish§.pgcuvely' .BOth low-Earth orbiting satellites havg bfeen pro-
ment of a geomagnetic observatory at Huancayo, near thé/ldlng continuous global coverage of the magnetic field with
! unprecedented precision, at all local times. Relying on this

dip eguator_. .It appeared as an abnormally large .ampl|tudenew data set, several studies have been devoted to the global
of daily variation in the equatorial componeHt This en-

hancement was attributed Bgedal1947 to a band of elec- ztr:]u;tlrj]gigf;:&fE‘;?ggr ILSsi\;an?abrilg dwétgt;?‘ﬁz?/ne?n? ge-
tric current about 300 km wide, flowing along the geomag- 9 Y, 9 al

netic dip equator in the ionospheric E region. It was namedzoozab; Ivers et al, 2003 or CHAMP data Luhr et al,

the equatorial electrojet (EEJ hereafter) by Chapman in 195 004. An outstanding issue in all these studies is the varia-

. y . _Tion with longitude of the EEJ maximum intensity. So far no
,Ersci.ggasmg’ 1989 for a history of the discovery of the elec agreement on the shape of longitude profile has been reached

The EEJ is due to a local enhancement of the ionospherié’md the origin of this variation is Ieft unexplained.
conductivity in the direction parallel to the geomagnetic dip The goal of the present paper is to r.ely. on CHAMP data
to produce global maps of the magnetic field anomaly gen-
Correspondence toA. Chulliat erated by the EEJ, at all local times and all universal times,
(chulliat@ipgp.jussieu.fr) and to investigate how this anomaly changes with longitude,
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516 J.-L. Le Mol et al.: The field of the equatorial electrojet from CHAMP data

season and geomagnetic activity. CHAMP data are actuallyspherical harmonics expansion model, but we have done so
more suited to EEJ studies because CHAMP flies at a lowefor reasons mentioned later. This field is large compared to
altitude (about 400 km instead of 750 km), i.e. closer to thethe EEJ field at the satellite and ground altitudes, but it is
EEJ, and undergoes a quicker drift in local time. We will broader in scale. The typical length scale of an EEJ profile
keep here to a descriptive point of view, not resorting to anyperpendicular to the dip equator is 500 kRagtogj 1989,
kind of modeling, except for the main field, and using insteadwhile the length scale of the n-th degree harmonics of the
a method somewhat inspired by geophysical prospecting. spherical harmonic expansion is 40 g@&km. Looking at
the well known “spectrum” of the main field, extending from

. n=1ton=13 (itis generally believed that the core field dom-

2 Data and analysis inates the internal field up to degrees 13 or 14, whereas the

crustal field dominates for higher degrees), it appears that the

In the present paper, we use CHAMP one-second data acs L ; L
. . X econd derivative operator leaves behind a small contribution
quired during the time span 2001-2004. The CHAMP Satel'of the main field. Furthermore, we will consider day-night

lite, launched in 2000, is ideally suited for studying the differences which will further reduce this contribution.

equatorial electrojet. Orbiting at a slowly decreasing alti- H ; . : :
: - owever, in what follows the data poin® will be dis-
tude between 350 and 450km, it has been providing near: P

Earth. hiah e tic data at all local fi ¢ tributed into bins whose altitude will be assumed uniform.
artn, high-precision magnetic data at ail local Umes 107 yq roq) gistribution of altitudes is complex, and even when
about 4 years. The three components of the field are me

. I . ; ac’onsidering a large number of poinfedistributed over a full
sured using a fluxgate tri-axial sensor and the intensity of th

field | d usi Overh ‘ tor. D ear, the mean altitude may vary from bin to bin. In addi-
I€ld IS measured using an Lvernauser magnetometer. a n, as the main field is large, a significant noise may result.
are acquired every one second. We consider all data prowdeE0

. ) .~ r this reason, a degree 13 main field model at epoch 2000
by.both Instruments over 20.01_2004’ W'th.OUt. omitting data.computed by anglais et al(2003 was substracted from the
points based on geomagnetic selection criteria (except as i

Bata. The result is denotetiB=B—B for the vector
Sect. 3.6). ult 1 model Vi

. ) field, AX, AY, AZ for each component amtlF for the field
Our goal is to separate the EEJ field from the other com-intensity P

ponents of the Earth’s magnetic field: the main field, the
crustal field and the part of the external field produced by2 1.2 The choice of the stép
other sources than the EEJ. We proceed in the following man-

ner. Let us consider an along-track profitgr) (or X (rAl), r=1,
_ o 2 ... in s). To simplify the writing, we will still writeX, Y
2.1 Computing the along-track derivative and Z for the components oAB in the present paragraph.

o In the absence of noise, we could takel in Eq. @), in
The data used in this study are sampled every one second; thg e 1o obtain the most accurate local estimatelofBut

distanceAl covered by thg satellite in one seconq is'aboutX is affected by a strong noige(which we will not analyse
7km. We place a data poirt on the orbit through its time here):

measurement(in seconds; is an integer). We estimate the
first and second along track derivatives of ieomponent X, (1) = X () +&() , (3)

atpointp using the formulae: where m is for “measured”; let us supposé is un-

. X@t+k)—X@) correlated, or poorly correlated. The second difference
Xi(t) = k 1) £(t+k)+E(t—k)—2£(¢) does not change with, whereas the
second difference&X (r+k)+X (t—k)—2X (¢) increases with

and k; so the noise contribution to EcR)(decreases rapidly with
.. X +k)—2X (1) + X (1t —k) 2 k. But we cannot increasebeyond some limit: it must re-
Xi(®) = k2 ’ (2) main small enough for Eq2J to be a good estimate &f for

the wavelengths we want to study — here the characteristic
length of the EEJ field.

Let X (t) be represented on the CHAMP orbit great circle
of radiusR by

where k is also expressed in seconds. Formulaard @)
are applied at each data poiRtt), so no information is lost.

In fact, in this paper we will use only the second derivative
(2). Itis well known and obvious that the value of the opera-

tor (2) greatly varies with the wavelength of the sigi&lr), X)) = Z Ay explimvt/R) , 4)
or X (tAl). m

) o wherev~7 km/s. Then the first and second derivatives of
2.1.1 Removing the main field X (1), using a step, will have coefficientsi’;’ related to the
Itis not essential in the following analysis to remove the main Am és '
field, by which we mean the core field represented by the|A%/| = GY7 1A, , (5)

Ann. Geophys., 24, 51527, 2006 www.ann-geophys.net/24/515/2006/
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where 0.018

1 [2— 2 cogmuk/R)]//? (6)

kj_ 1
Gl =5

0.014
and j is the order of the derivativer‘,;’ is the gain factor
for the Aﬁ;] coefficient (seeDlsen 2004. It is plotted as
a function of the wavelength=27 R/m for j=2 and three
different values ok on Fig.1. The maximum gain foj=2
andk=20s is 0.01 at wavelengthnax=2kv~280 km. °‘°°B\
In the present paper we choke20 s, after checking that 0,006

0.012

0.01

Gain factor

the results are stable for ¥%<25. For values ok between

15sand 25s, Eq2] provides us with a true spatial derivative ~ **[ /

which fits our needs. The daily variaticfy and the ring o002

current field have far longer spatial length scales than the EE. -

field and are eliminated (or at least much reduced) by the Y 0 T

selected second derivative filter. (Moreover, part of the ring M Wavelength (km)

current field is included in the main field model.)

Note: Itis rather easy to determine that the minimum value
of k for thg no'ise contribution to Eq2) is smaller compared —20s (blue curve) and=25s (green curve). The wavelength
to X; to thl§ aim, one takes the absolute vglue of the second 280 km associated with the maximum gain £e£20's is in-
difference in Eq.2) and looks at the evolution of the results gicated on the graph.
with k.

Fig. 1. Gain factor of the along-track second derivative as a func-
tion of the wavelength of the signal, using a stefl5 s (red curve),

2.2 Computing the longitudinal component

Let us denote by the anomaly vector after applying the Using X, Y, .Z anQF data, we have checked that there are
along-track second derivativé£AB). Its components in NIy very minor differences between maps computed from

geocentric coordinates aréX, AY, andAZ. Its projection A F and maps computed fro. In what follows we wil
on the direction of the main ficld. i.e. show results for the longitudinal componer@® Enly, but

all maps have also been computed using the scalar second

by=Dh- % , (7) derivative Q).
15}
will be called the longitudinal component of the anomaly
field. We have that 2.3 Averaging in space and time
by = aAX + BAY + yAZ , (8)

wherea, B andy are the direction cosines d&, i.e. the  We average both in time and space, trying to lose as little
cosines of the angles betweBrand thex, y andz axes. The information as possible. Time averaging, over time spans
longitudinal component; is more suited to the study of the much longer than one day, is used to smooth the big day-to-
EEJ thanb, because it is much less affected by instrumen-day variability of the electrojet. It is also necessary to con-
tal noise due to uncertainties in attitude determination, andsider long time spans in order to have enough individual mea-
by field-aligned currents (which generate transverse fields)surements to average both in time and space. Instrumental
However, Cartesian componentstoélso bring valuable in-  noise and instantaneous fields of various origins are always
formation, as will be seen in the following section. present. Although we usually consider all the data acquired

Itis possible to perform a very similar analysis using scalarfrom 2001 to 2004, we sometimes use them after creating dif-
data only.F can bev' X24+Y+Z2 or given by the scalar mag- ferent subsets (for example, 2001, 2002, 2003 and 2004), in
netometer. The along-track second derivative of the field in-order to investigate the stability of different patterns of their
tensity may be expressed as temporal variations.

AF = aAX + BAY + yAZ + & AX + BAY + yAZ . (9) For a given subset, we distribute the data within bins of
size 25°x2.5° in latitude and longitude, without sorting the

lengths of the EEJ field, the last three terms of the RHS of?lt'tUdeS' The total number of bins is 10 36.8' For .ea.Ch bin
i, we compute the average &f(P) over all pointsP within

(9) are much smaller than the first three terms and therefor%’1e bin; the same is done far andZ. This average value

Wf? have that represented by a colored pixel on the maps, is attributed to
AF =~ by . (10) the bini.

Due to the long wavelengths af 8, y and the short wave-

www.ann-geophys.net/24/515/2006/ Ann. Geophys., 24, 5252006
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CHAMP and @rsted data hylaus et al(2002), following the

.oj VEE e T earlier maps based on MAGSAT datadhen and Achache
"Iﬁ_@:ﬁky &—-{ : 1990 Ravat et al.1993. We will not discuss the lithospheric
mtl,ﬂ.'fq_*ﬁmﬁ-‘?‘ field in this paper, which is devoted to the equatorial electro-
A S AR et field.

AN v B S
SN LR

3.2 \Variations with local time

T &7 %
‘» oo | — In order to study the variations with local time (LT) of
4\}“ — Yy

Sl e the EEJ field, we split the data of the interval 2001-2004
S — into 24 subsets, corresponding to the following LT intervals:
-0.02 001 0.00 001 002 00:30-01:30, 01:30-02:30, etc., 23:30-00:30. The maps for

the longitudinal component at 06:00, 08:00, 10:00, 12:00,
Fig. 2. Along-track second derivative of the crustal field (in rf}/s 14:00, 16:00 and 18:00 LT are shown in Fy.(Other maps
from data in 2001-2004, longitudinal component. are not shown due to the limited space available.)
The map at 00:00 LT (Fig3a) contains no EEJ signal.
The remaining features, after removing the crustal field, are
indeed very tiny and give an idea of the error in maps at other

The crustal field has energy in the same spatial frequenql/Ocal times.

domain as the EEJ, so the two fields cannot be separated A Negative signal along the dip equator is visible at
through their spectral content. However, the crustal fielg06:00 LT (Fig.30). (In fact, it is already slightly visible one

does not change in time, contrary to the EEJ field, which Carpour earlier). This signal is maximal over Africa, where it

N 4 .
be assumed to vanish around local time midnight. Thereforel€aches-0.005 nT/$ (i.e. about-10"*nT/kn?), but is ab-

the maps obtained by our analysis at local times around migSent over the Pacific Ocean. It has been previously observed

night have no contribution from the EEJ, and the same crustaftt 9round stations in Africa, India and South America and

field contribution than at any other local time. We take ad- IS sometimes referred to as the morning counter electrojet
vantage of this fact and of the adequate accuracy of our map§>0uin and Mayaud1967 Mayaud 1977. The counter
of averaged quantities, to extract an averaged map computedf€ctroiet disappears at 08:00 LT everywhere except over

from 21:00 LT to 03:00 LT, from the other maps, in order to >°uth America (Fig3c). _
eliminate the crustal field. Between 10:00 LT and 14:00 LT (Figdd—f), the full EEJ

signal is visible. It is made of three parallel bands aligned
and symmetrical with respect to the dip equator. Each band

2.4 Removing the crustal field

3 Results has an approximate width of 1000 km. The central band is
positive and is caused by the eastward equatorial electrojet.
3.1 Crustal field The two flanking bands are negative and of slightly lower

intensity; we will show in Sect. 3.5 that they are due to west-
As said earlier, processing the data relative to the night localvard return currents. The intensity of the signal is maximal
time — in fact from 21:00 LT to 03:00 LT — provides simply at 12:00 LT. Somewhat unexpectedly, it is slightly higher
the map of the lithospheric field (Fi@). Itis, of course, a at 10:00 LT than at 14:00 LT. All three bands have abso-
transformed anomaly map, a map of the along-track secontlte extrema between.@5 and 02 nT/€ (i.e. 10 and
derivative of the intensity anomaly (not the intensity of the 4x10~4nT/km?) at 12:00 LT.
anomaly), often considered when dealing with aeromagnetic At 16:00 LT (Fig. 3g), the EEJ signal looks like that at
surveys in which only the intensity is measured. Note that08:00 LT, perhaps with a slightly stronger positive central
the auroral zones are hidden using an ad hoc mask. The sani@ind. It is maximal over the Eastern Pacific Ocean, a region
mask will be used in all the maps presented in the paper.  where it is weak at 08:00 LT.

The map of Fig2 is very stable, i.e. is the same when  The dusk features of the EEJ are markedly different from
computed from different subsets of the four years of data. Itthe dawn features. At 18:00 LT (Figh), the EEJ signal is
presents the well-known drawbacks and advantages of thigimost no longer visible. It is the green band along the geo-
kind of map. On the one hand, since the orbits are grosslynagnetic equator. There is no afternoon counter electrojet.
meridian, the fields of geological structures trending east-
west are amplified and, due to the angle between the mai3.3 Variations with universal time
field and the vertical, the anomalies are displaced in the
meridian direction with respect to their sources. On the othefThe variations with universal time (UT) are studied in
hand, anomalies can be decoalesced and made easier to ithe same manner as the variations with local time, us-
terpret. Lithospheric anomaly maps have been derived fromng 24 subsets corresponding to UT intervals 00:30-01:30,

Ann. Geophys., 24, 51527, 2006 www.ann-geophys.net/24/515/2006/
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(@) (b)

(d)

(f)

(9) (h)

-0.02 -0.01 0.00 0.01 0.02

Fig. 3. Variation with local time of the along-track second derivative of the equatorial electrojet field (i) nibisgitudinal component, at
00:00(a), 06:00(b), 08:00(c), 10:00(d), 12:00(e), 14:00(f), 16:00(g) and 18:0Qh).

01:30-02:30, etc., and applying the same analysis to the lonvaries significantly along its path. Due to the limited space
gitudinal component. The result is an hour-by-hour movie ofavailable, only the maps at 06:00, 11:00 and 17:00 UT are
the EEJ displacement around the world. Expectedly, the EEpresented in Figd.

is made of the same three bands as in the LT maps and fol- The EEJ at 06:00 UT (Figda) is made up of three parts:
lows the dip equator. Less expectedly, its length and intensitya head at the western side, a body and a tail at the eastern

www.ann-geophys.net/24/515/2006/ Ann. Geophys., 24, 5152006



520 J.-L. Le Mol et al.: The field of the equatorial electrojet from CHAMP data

@

-0.02 -0.01 0.00 0.01 0.02

Fig. 4. Variation with universal time of the along-track second Fig. 5. Along-track second derivative of the equatorial electrojet
derivative of the equatorial electrojet field (in n#yslongitudinal  field (in nT/€) at 12:00 UT, from theX (a), ¥ (b) andZ (c) com-
component, at 06:0@), 11:00(b) and 17:00(c). ponents.

side. The head and tail consist of several patches within thét IS F"ade of entlre_ly of all three band types and has no dis-
ernible head or tail.

central band along the dip equator, while the body consists of These variations with UT of the EEJ structure will be fur-

the three bands visible on LT maps. In good agreement with

LT maps, the signal within the head (i.e. at dawn) is negativether discussed in Sect. 3.6, where the longitude profile aver-

while the signal within the tail (i.e. at dusk) is positive. The 29€d over the width of the EEJ will be quantified and plotted
head is significantly longer than the tail. The patches overfor several UT.

Africa are located about 2000 km in front of the EEJ body,
while the tail patches are about 1000 km behind it.

At 11:00 UT (Fig.4b), the EEJ reaches the point over the Figure5 shows maps obtained from the along-track second
Atlantic Ocean where the dip equator bends southward. Thejerivatives of theX, Y and Z components of the field, at
body of the EEJ seems to be slightly compressed at its front 2:00 UT. The EEJ is conspicuous on both #handZ maps,
by this sudden turn. At the same time, both the head and tailych less on th& map.
expand over several thousands of km and are longer than at Thex map looks very much the same as the corresponding
other UT. map for the longitudinal component, which is not surprising,

At 17:00 UT (Fig.4c), the opposite situation occurs. The as the horizontal field direction is nearly aligned with the hor-
EEJ reaches its maximum length, about 3000 km from theizontal north direction, except in the region over South Amer-
middle of the Pacific Ocean to the Western coast of Africa.ica, where the dip equator is curved. The main difference

3.4 Cartesian components

Ann. Geophys., 24, 51527, 2006 www.ann-geophys.net/24/515/2006/
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0.0002 + 2

0.0001 +

O \/ \/
-0.0001 1

-2000 -1000 1000 2000
Distance from magnetic equator (negative to S direction), km
(@) fi di ki

: .

nT/km?

anomaly (no unit)

nT

latitude (deg)

Fig. 7. Profile normal to the dip equator of the magnetic anomaly

-12 ‘ ‘ \ ‘ \ ‘ \ ‘ at the satellite altitude generated by a single current line along the
-2000 -1000 Y ) 1000 2000 equator when the main magnetic field is assumed axial dip&lar:
(b) Distance from magnetic equator (negative to S direction), km component (red curve)Z component (blue curve) and compo-
0 nent (green curve).

44

but has a different shape. There are two extrema, antisym-
metrical about the dip equator, which is in good agreement
16 with theoretical predictions for a linear current flowing east-
1 ward like the EEJ.
] The distribution of the mid-latitude small-scale features
-24 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ suggest that they are due to mid-latitude field-aligned cur-
(c) 2Ii?i(s)'?ance from ;gggetic equatoro(negative to é%(i)r%ction), km2000 rents OI.Sen. 1997) (indeed these features do not appea_r on
the longitudinal component maps). Such currents electrically
connect the two hemispheres during the day. Due to bound-
Fig. 6. Profile normal to the dip equator of the equatorial electrojet ary effects, the magnetic field they generate is mainly north-
field, longitudinal component, using a step of 5 km: along-track sec-ward or southward at dawn and dusk. Also, the vertical com-
ond derivative, in nT/krf (a); twicely integrated along-track second ponent is larger near the equator where the magnetic field
derivative, in nT(b); original signal, before treatment, in 1{€). lines become horizontal (see Sect. 4).

nT
iR
N

|

3.5 Profile normal to the dip equator
between Figha and Fig4 is the amount of small-scale fea-

tures at mid-latitudes. These features are widely spread an®ihe profile normal to the dip equator of the EEJ field, lon-
mainly concentrated around 06:00 LT and 18:00 LT. They aregitudinal component, is represented in Fé@, using a step
roughly symmetrical with respect to the dip equator. of 5km. It is averaged along the whole equator. The main
The Y component map shows the same kind of featurespositive peak is centered exactly on the equator and reaches
at mid-latitudes, although not concentrated at the same 102x10~4nT/kn?, i.e. about 01 nT/€. The secondary neg-
cal times. They are almost uniformly distributed betweenative peaks are about 500 km apart and react hd/kn?,
06:00 LT and 18:00 LT. The EEJ signal is weak and is madei.e. about 0005 nT/$. This is in good agreement with previ-
of two bands roughly parallel to the dip equator, of oppositeous maps (Figs3 and4).
signs. It is negative north of the equator and positive south The same profile, twice integrated in the direction perpen-
of the equator. These features could be due to meridionadlicular to the dip equator (using the same step of 5km), is
currents flowing northward and southward from the EEJ.  shown in Fig.6b. It can be checked in Figc that the aver-
Small-scale features are also present inZheomponent  aged profile is similar to the original profile before treatment.
map. They are distributed at lower latitudes than for the twoExpectedly, the along-track second derivative has filtered out
other components and are concentrated around 06:00 LT arithe large-scale variation associated with fijecurrent sys-
18:00 LT. The EEJ signal is as strong as for kheomponent  tem, without attenuating the EEJ signal. (High-frequency

www.ann-geophys.net/24/515/2006/ Ann. Geophys., 24, 5252006
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— B"am<9
— B"am>33

~ Ui ] !
= |
—\“lAF “ ‘ I
= l‘ 1
c \" !
l L“ |
ﬂ o
il
« Bangui anomaly / r(
— B" day-night
— B" night
— B"day
-1 . . : 04 . . .
0 90 180 270 360 0 90 180 270 360
longitude longitude

Fig. 8. Profile along the dip equator of the equatorial electrojet field, Fig. 10. Variation with geomagnetic activity of the longitude pro-
longitudinal component (in nT/kA), using data from the whole in-  file of the equatorial electrojet field, longitudinal component, in
terval 2001-2004 (in black); results obtained without removing thenT/km?: am <9 (in black),am>33 (in red).

crustal field, using data from 6 h of day only (in red) and 6 h of night
only (in blue). The anomaly is projected onto the normal to the dip
equator and then averaged over a 500-km wide and 1300-km lon

window sliding along the equator %ositions in the raw field curve, by about 250 km towards the

dip equator. However, the ratio of intensities between these
peaks and the main peak, about 2, is almost not affected by
x10° the second derivative.
While the central band of the EEJ signal on the maps in
Figs.3and4 s clearly caused by an eastward electric current
along the dip equator, the origin of the two flanking bands,
visible from 08:00 LT to 16:00 LT, is less obvious. They
L5 ! 4*( \ could be caused by the eastward band of the current itself or
d W \ by westward return currents on each side of the central east-
ward current. To shed light on this issue, let us assume that
1 {’ \U f J‘ the main field is axial dipolar (hence the dip equator and geo-
Al 7
L

nT/km?
=

graphic equator are the same) and consider a single eastward
Jf‘ current line along the equator at the altitude 100 km. Line
i ”/v‘ current models are widely used in the literature (&am-
W / bitakoye and Mayaudl976, although they are often more
0sl | , complicated than this one. The field anomaly generated by
5 5 o _- 260 this gurrent Iin.e at the altitude 400 km i_s calculated_in Ap.—
longitude pendix A and is represented as a function of the latitude in
Fig. 7. There is no flanking high on th€ and F components,
Fig. 9. Comparison of the longitude profiles of the equatorial elec- because the profile is calculated well above the electric cur-
trojet field, longitudinal component (in nT/ki) obtained from  rent line and the spherical geometry of the Earth is taken into
2001-2002 data only (in black) and 2003-2004 data only (in red). account. (The same calculation applied to a zero altitude in-
deed leads to flanking highs.) The comparison of Fis.

L — N and7 suggests that the two flanking bands require westward
noise is present in Figc and not in Figba because the data | o:.rn currents on each side of the central EEJ.
are averaged over all longitudes without being averaged in

2.5°x2.5° bins, as this is the case when producing Figs. 3.6 Profile along the dip equator
and6b.)

Figures6b and ¢ show that the main peak in the secondThe longitude profile of the EEJ field, longitudinal compo-
derivative curve corresponds exactly to the central peak ohent, is calculated using a 500-km wide and 1300-km long
the raw field anomaly. The secondary peaks in the seconavindow sliding along the dip equator; 500 km is roughly the
derivative curve are, as expected, slightly shifted from theirwidth of the uppermost part of the EEJ peak (see &g, and
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Fig. 11. Variation with universal time of the longitude profile of the equatorial electrojet field, longitudinal component, infTTkre
profiles are computed over 2001-2002 (black curves) and 2003—2004 (red curves) &a&8MO0(b) and 22:00(c).

1300 km has been chosen in order to average out the fluctua- As shown in Fig9, the shape of the longitude profile is al-
tions associated with the satellite altitude variations. most the same in 2001-2002 and 2003-2004. As 2001—-2002

The resulting curve for 2001-2004 is displayed in Fg. and 2003-2004 are two distinct data sets, we can conclude
as well as the two curves obtained without removing thethat the four-peak structure is very robust. The major dif-
crustal field, by selecting data from 6 h of night only and 6 h ference between the two curves is that the 2003-2004 one is
of day only. The night curve displays short scale featuresslightly but systematically lower than the 2001-2002 one. In
due to the crustal field, in particular a large negative peak inother words, the EEJ intensity varies with solar activity, as
Africa associated with the Bangui anomaly. No fluctuation solar activity regularly decreases from 2001 to 2004. This
due to the satellite altitude variations is visible. As expected,is not surprising as the ionospheric conductivity is strongly
the difference between the night and day curves is close talependent upon the UV radiation flux, which is governed by
the EEJ longitude profile, which displays four main peaks al-solar activity. This effect is very significant, as it overcomes
most equally distributed around the dip equator, at arodnd O the increase in the signal caused by the regular altitude de-
90r, 180, and 270 longitude. The field second derivative in crease of CHAMP (from 450 km in 2001 down to 370 km at
these peaks is roughly twice that outside the peaks. the end of 2004).
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Fig. 12. Seasonal variation of the longitude profile of the equatorial electrojet field, longitudinal component, in’—nﬂking(a), summer
(b), autumn(c) and winter(d). The profiles are computed over 2001-2002 (red curves) and 2003—-2004 (black curves).

In order to check whether geomagnetic activity also has aralthough short-wavelength features are somewhat different.
influence on the EEJ intensity, we have analysed the variatiol\s noted previously, the 2001-2002 anomaly is slightly more
with geomagnetic activity of the EEJ longitude profile using intense than the 2003—2004 one. On both curves, the counter
the am index to select data. We choge: instead ofKp electrojet is clearly visible at the left side of the peak, in good
becausaim relies on a large network of observatories and agreement with the anomaly map displayed in Eig. At
is directly expressed in nTMayaud 1980. The obtained 08:00 UT, the peak is much smaller; this corresponds to a
curves are displayed in Fig0. Somewhat surprisingly, there low in the averaged longitude profile (see R8y. Again, the
is no clear effect of geomagnetic activity on the EEJ intensity.large-scale features of the profile are very stable from one
The anomaly on quiet days is alternately larger and smalletime interval to the other. At 22:00 UT, the EEJ is slightly in
along the dip equator than the anomaly on disturbed days. advance in 2003—2004 with respect to 2001-2002, but the tail

is less intense. All these snapshots show that the main fea-

Figure 11 shows the variation with universal time of the tures of the EEJ longitude profile are very robust over four
longitude profile of the EEJ field for the time intervals 2001- years.

2002 and 2003-2004. At 06:00 UT (Fig. 10a), the long-
wavelength features are the same for both time intervals,
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The seasonal variation of the EEJ longitude profile isuniversal times. For exampliers et al (2003 studied only
shown in Fig.12, using data from the time intervals 2001- a few local times, as made available by the slowly drifting
2002 and 2003-2004. The profiles for 2001-2002 look very@rsted satellite, whild.tihr et al.(2004 only focussed on
similar to those for 2003-2004, which suggests that the obthe EEJ at noon local time.
served seasonal variability is a robust feature, stable over at The structure of the EEJ field, as revealed by the movies,
least four consecutive years. There is a strong variability ofconfirms the global existence of phenomena observed previ-
the EEJ intensity from one season to the other. The EE&usly in a few places. In particular, we find that the counter-
anomaly is maximal in spring and autumn and minimal in electrojet is present in the morning only, as observeBdm-
summer. The difference between summer and winter main|)bitakoye and Mayaud]_Q?@ from ground stations in Central
comes from lower lows in summer, rather than from higher Africa, and later byCohen and Achach@d 990 from Magsat
peaks in winter. The four peaks are clearly visible in sum-dusk and dawn data. The cause of this phenomenon is still

mer and autumn, less visible in spring and winter. (Note thatunknown; further theoretical investigations are now needed
splitting the data decreases the number of data per bin.)  to make progress on this issue.

Westward return currents are clearly visible on the maps,
starting as soon as the main eastward electrojet in the morn-
ing and vanishing simultaneously with it at dusk. Their in-

The method of analysis used in the present paper resorts itgrred size at noon is in good agreement with that obtained
no modeling, except that of the main field (which could, in by Luhr et al.(2004. Meridional currents are also visible
principle, be skipped), no a priori assumption regarding thein theY component, as previously detected®isen(1997)
structure of the EEJ, nor any other current system, and n&ndSabaka et ali2004. The closure of the electric circuit
complicated filtering. It has been checked that each step ofs Still an open question. Unfortunately, our approach does

the analysis removes the signal generated by one or severBPt make it straightforward to calculate an electric intensity
well-identified sources. budget, so that we are unable, at the present time, to directly

compare with previously published budgets.

— The efficiency of the along-track second derivative for - The determination of the longitude profile of the EEJ field
removing large-scale fields of external and internal ori- js only possible thanks to the global coverage provided by
gin has been optimized by fine-tuning down to 20s the satellite data. This is the reason why this issue has arisen only
step used when computing the derivative in E). ( recently in the literature and is still debated, although some

dpreliminary work has been done Ravat and Hinz¢1993

direction removes almost all of the field-aligned current using Magsat data. Our results are in good agreement with
those ofJadhav et al(2002h andlvers et al.(2003 from

effect. This is illustrated in Fig5, where the along- X
o . @rsted data, who also observe four quasi-regularly spaced
track second derivatives of the anomaly Cartesian com-

- o peaks along the dip equator. There is less agreement with
gﬁg\?vr;ts (and not that of the longitudinal projection) arethe longitude profile presented hyiihr et al. (2004 (see

their Fig. 8), which only has two peaks. The difference
— The main features of the anoma|y map obtained fromCOUld come from the various models intrOdUCEd_eret al.
nightside data are in good visual agreement with crusta2009 to extract the EEJ from the data: spherical harmonics
field maps obtained by other methods. For examp|e,models of the core field, the crustal field and tfyecurrent
we also find that bigger anomalies are systematicallySystem, and a priori model of the EEJ current density.
located on continents.

4 Discussion

— It has been shown that the projection onto the main fiel

— The averaging over enough long periods of time signifi-
cantly smooths the day-to-day variability, which is high

for magnetic fields produced by ionospheric sources;
the results obtained from various subsets of data are in!n the present paper we have analysed the EEJ from CHAMP
deed consistent. satellite data, using a new method based on the computation

of the along-track second derivative. This method is a sim-
These precautions make the obtained maps and profiles vergle and efficient way to extract the EEJ signal from satellite
robust and very little room is left for the unwanted signal in data by filtering out contributions from the other sources and
them. without resorting to any modeling, except that of the main
The maps in local time and universal time presented infield. It has been applied to the full CHAMP data set over
Figs. 3 and 4 are actually parts of two 24-picture movies.four years, thus enabling one to study variations of the EEJ
More pictures in each movie could be produced by the samavith local time, universal time, solar activity, geomagnetic
method, if needed. These movies are, to our knowledge, thactivity and seasons. The main conclusions of this analysis
first global visualizations of the EEJ anomaly at all local and are:

5 Conclusions
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Fig. A1l. Geometric notations used in the derivation of the field

anomaly generated by a single current line along the equator whel\ Z = —

the main magnetic field is assumed axial dipolar.

J.-L. Le Mol et al.:

The field of the equatorial electrojet from CHAMP data

In a further study, we will compare our results with those
predicted by the comprehensive model CM4&atbaka et al.
(2004.

Appendix A
Field generated by a current line at satellite altitude

Let us consider a single eastward current line along the ge-
ographic equator at an altitudg; =100 km and assume the
main geomagnetic field is axial dipolar. The purpose of this
Appendix is to obtain the expression of the field anomaly
generated by this current line along the orbit of a CHAMP-
like satellite, assumed to be polar and circular, at an alti-
tude hg=400km. This is a 2-D problem, to be solved in
the meridian plane; see Fi§l.

The north and downward vertical components of the
anomaly at a poinP on the orbit may be expressed as

AX = _ Jof sina (A1)
2nr
ot cosw (A2)
2mr

wherei is the current intensity; the distance from the cur-
rent line andx the angle between the anomaly field and the

. The electrojet is made up of a central band of currentyertical direction atP. Then the scalar anomaly is

flowing eastward and two lateral, less intense, bands of

current flowing westward; the total size of the EEJ is

about 2000-km width.

electrojet.

. The EEJ length varies along its path over the dip equa-/ = arcta2tanL) .

AF ~ —%(sina cosl + cosasinl) , (A3)
r

. There exists a morning counter electrojet over a largeWhere! is the local inclination of the main field.
fraction of the dip equator; there is no afternoon counter

In the case of an axial dipolar magnetic field, it is well-
known that/ may be related to the latitude using

(A4)

tor; it is compressed when the equator bends southward.

. Meridional EEJ currents are visible on tlvecompo-
nent.

terhemispheric currents, are visible on tkigY and Z
components at mid-latitudes.

peaks.

ation flux.
. The EEJ does not vary with geomagnetic activity.

. The EEJ is minimum in summer and maximum in
spring and fall.

Ann. Geophys., 24, 51527, 2006

. Small-scale features, which could be attributed to in-

. The EEJ longitude profile displays four regularly spaced

. The EEJ intensity decreases with solar activity, which
suggests that it is strongly dependent upon the UV radi-

Using classical trigonometric formulae, we find that

= E — B+ (A5)
= L
> (A6)
Ahsing
_ arct A7
v =are an[Z(RT +hs)sin(%) — An cosﬂ} ' (A1

whereRy is the Earth’s radiusAh=hg—hg andg andy are
both defined as in FigAl. Therefore, the angle is given by

(A8)

o=

Ahcotan(%) }

— — arctan
2 {Z(RT + hs) —

Substituting Egs.A4) and @A8) into Eq. (A3), we may cal-
culate the profile of the anomaly due to the current line along

the orbit of the satellite.
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