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Abstract The eastward equatorial electric field (EEF) in the E region ionosphere drives many important
phenomena at low latitudes. We developed a method of estimating the EEF from magnetometer
measurements of near-polar orbiting satellites as they cross the magnetic equator, by recovering a clean
signal of the equatorial electrojet current and modeling the observed current to determine the electric field
present during the satellite pass. This algorithm is now implemented as an official Level-2 Swarm product.
Here we present first results of EEF estimates from nearly a year of Swarm data. We find excellent agreement
with independent measurements from the ground-based coherent scatter radar at Jicamarca, Peru, as well
as horizontal field measurements from the West African Magnetometer Network magnetic observatory
chain. We also calculate longitudinal gradients of EEF measurements made by the A and C lower satellite
pair and find gradients up to about 0.05 mV/m/deg with significant longitudinal variability.

1. Introduction

In the ionospheric E region, neutral winds, gravity, and plasma pressure gradients drive large-scale current
systems [Heelis, 2004]. Wind-driven currents peak during daytime hours, when the ion concentrations and
ionospheric conductivities are significant. In order to maintain divergence-free currents, polarization electric
fields develop wherever the wind-driven current has a divergence. In the E region, the eastward component
of the electric field at the magnetic equator drives vertical E × B electron drift until polarization charges
accumulate at the upper and lower boundaries of the E region, which are nonconducting. The result is a
strong vertical electric field, which drives an enhanced zonal E × B electron drift within about a 5◦ band
of the magnetic equator, known as the equatorial electrojet (EEJ). At higher altitudes, including the upper
boundaries of the F region, the eastward electric field component drives vertical drifting ions and electrons,
known as the plasma fountain, which then diffuse downward and poleward to form enhanced plasma
density regions near ±15◦ magnetic latitude [Anderson, 1981].

Ground-based radars, by measuring the velocity of vertically drifting plasma, can provide direct measure-
ments of the eastward electric field; however, their spatial and temporal coverage is sparse. During the
CHAMP satellite era, Alken and Maus [2010b] developed a method of estimating the equatorial electric
fields from the magnetic signature of the EEJ as the satellite crosses the magnetic equator. This algorithm
was then implemented as a Level-2 product for the Swarm mission, within the Satellite Constellation
Application Research Facility, which is fully described in Alken et al. [2013b]. This equatorial electric field
inversion chain is now processing Swarm data on an automated basis, with the data to be made freely
available by the European Space Agency (ESA). The purpose of this paper is to describe the first results of
estimating equatorial electric fields from Swarm magnetometer measurements, for the period November
2013 through October 2014.

In section 2, we briefly review the methodology behind the equatorial electric field (EEF) calculation. In
section 3, we present the first results of measuring the EEJ magnetic signature, corresponding EEF estimates,
and longitudinal EEF gradients from nearly a year of Swarm data. In section 4 we validate the Swarm-derived
EEF estimates against independent measurements from the Jicamarca Unattended Long-term Investigations
of the Atmosphere (JULIA) coherent scatter radar, as well as measurements of ΔH from the West African
Magnetometer Network (WAMNET) magnetic observatory chain near the magnetic equator in Africa. Finally,
we make some concluding remarks in section 5.
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2. Methodology

The Swarm Level-2 EEF chain recovers the eastward equatorial electric field component from magnetic mea-
surements of the equatorial electrojet (EEJ) current system on the dayside. We will briefly review the main
steps of the algorithm and refer the reader to Alken et al. [2013b] for full details.

First, main, crustal, and magnetospheric field models are subtracted from the scalar field measurements
made by the Absolute Scalar Magnetometer (ASM) instrument for a satellite pass over the magnetic equator.
Initially, we use International Geomagnetic Reference Field (IGRF) [Finlay et al., 2010] for the main field, MF7
[Maus et al., 2008] for the crustal field, and POMME-6 for the magnetospheric field [Maus and Lühr, 2005]. It
is planned to update the main and crustal field models with Swarm-derived models when available. After
subtracting these models, the residuals primarily contain contributions from the Sq and EEJ current systems,
as well as sources not adequately captured by the main, crustal, and magnetospheric field models. The Sq
signal is removed by fitting a low-degree spherical harmonic field model to the higher-latitude data, which
will capture most of the daily Sq variation as well as unmodeled fields of magnetospheric origin. This model
is then subtracted from the residuals, leaving a clean profile of the EEJ signature.

Once we isolate the magnetic signature of the EEJ, we invert the profile for a height-integrated current
density. This is done by assuming a simple model of line currents following lines of constant quasi-dipole
latitude [Richmond, 1995] and spaced 0.5◦ apart. Each line segment spans 1◦ of longitude, with its endpoints
fixed at 110 km altitude in order to follow the curvature of the Earth [Alken et al., 2013b]. The strengths of
these line currents are determined through a least squares inversion of the EEJ magnetic signature. Once
the current density is determined from the satellite measurements, a separate modeling step solves the
governing electrostatic equations

∇ × E = 0 (1)

J = 𝜎 (E + u × B) (2)

in a climatological sense for the unknown electric field E subject to the condition ∇ ⋅ J = 0. Here 𝜎 is
the anisotropic conductivity tensor [Forbes, 1981, equation (10)], u is the neutral wind velocity field, and
B is the ambient geomagnetic field. The conductivity tensor 𝜎 requires knowledge of the collision fre-
quencies between the electrons, ions, and neutrals. We use formulas for these quantities taken from Kelley
[1989, Appendix B]. We obtain the electron and ion densities and temperatures from the International Ref-
erence Ionosphere 2012 model [Bilitza et al., 2011] as well as the neutral densities and temperatures from
NRLMSISE-00 [Picone et al., 2002]. The neutral wind field u is specified by the Horizontal Wind Model 07
[Drob et al., 2008; Emmert et al., 2008], and the geomagnetic field B is given by the IGRF [Finlay et al., 2010].
The equations are solved in a meridional plane at the same longitude as the satellite crossing of the mag-
netic equator. Once the electric field is computed, equation (2) is used to compute the height-integrated
current density which can be directly compared with the satellite-derived current. The eastward component
E𝜙 of the electric field is a free parameter in the system of equations, which is chosen to maximize the agree-
ment between the modeled and satellite-derived current profiles in a least squares sense. This choice of E𝜙
is then provided as the EEF estimate output from the Level-2 product.

In solving the equations, we roughly take into account the geometry of the magnetic equator by defining
the 𝜙 direction as the direction of magnetic east at the exact location of the satellite’s crossing of the
magnetic equator. The equations are then solved in a geocentric spherical coordinate system using this defi-
nition of 𝜙, which amounts to a simple rotation in the 𝜃, 𝜙 plane by the angle between the magnetic equator
and geographic east.

Furthermore, the equations which are solved are a simplified linearized set of equations. In reality, the elec-
trojet current stream typically exhibits nonlinear instabilities for different electric field strengths, which can
inhibit current flow [Fejer and Kelley, 1980; Alken and Maus, 2010a]. Attempting to model these instabilities is
a very complex problem, and so instead, we apply an empirical correction factor to the conductivity tensor
to simulate the effect of higher rates of electron collisions due to these irregularities, following Gagnepain
et al. [1977]. This is done by scaling the electron collision frequency by a factor of 4.
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Figure 1. Scalar residual after subtracting main, crustal, magnetospheric and Sq fields for five different days in 2014:
(a) 6 July, (b) 25 May, (c) 6 May, (d) 16 April, and (e) 15 March. Indicated local times are approximate and correspond to
equator crossings on the dayside of the Earth. They may slightly differ from one satellite to the next (for instance, local
time for Swarm B on 6 July was closer to 0700 than to 0630, which could explain why the signal seen by Swarm B is
somewhat stronger than that seen by Swarm A and Swarm C).

3. First Results
3.1. EEJ Magnetic Signature
Figure 1 shows residuals for all three satellites after subtracting the main, crustal, and magnetospheric field
models, as well as the Sq spherical harmonic model. Data from five different days are plotted in order to
show a variety of local times. We see in the first row (Figure 1a), corresponding to approximately 0630 LT, the
magnetic signature of the EEJ is positive (in the main field direction) at satellite altitude, indicating westward
current flow (and westward electric field), or so-called counter equatorial electrojet (CEEJ) [Onwumechili,
1997]. While the physics behind the CEEJ is not fully understood, it is a consistently observed phenomenon
in the early morning hours at all longitudes. Since the CEEJ simply corresponds to a westward equatorial
electric field, the Swarm EEF chain is able to process these events with no special changes to the modeling
procedure. After about 0700 LT, the current flow switches to magnetic eastward, producing a magnetic field
which opposes the main field direction at satellite altitude, and so we see that Figures 1b–1e show a
negative residual for the EEJ signature. The EEJ current strength (and its resulting magnetic field) increases
to a peak typically around 1100 to 1200 LT and then decreases during the afternoon and into the evening,
when the E region conductivity diminishes. The Swarm EEF chain only processes EEJ signatures between
0600 and 1800 LT, since outside this window, the EEJ signal is typically too small to recover reliable estimates
of the EEF. The EEJ signal seen by the B satellite is a few nanotesla less than A and C, since it is further away
from the source.

3.2. Comparison of Satellite-Derived and Modeled Currents
The next step in the chain is to compute magnetically eastward flowing currents at 110 km altitude in the
E region, representing an equivalent EEJ current system, by inverting the EEJ magnetic signature for each
daytime pass over the magnetic equator. Figure 2 shows examples of four current profiles derived from the
Swarm A satellite (solid) selected at different local times. The corresponding current profiles calculated from
our climatological modeling scheme are shown as the dashed curves, after optimizing for the E𝜙 component
of the electric field. We see from the figure that the main peak at 0◦ quasi-dipole latitude is well modeled,
while the sidelobes at higher latitudes are not. This is typical for our scheme based on climatological
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Figure 2. Four single-current profiles derived from Swarm A (solid) for
the dates and local times shown, along with their modeled current
densities (dashed).

modeling, since the current flowing at
higher latitudes is heavily influenced
by neutral winds from higher altitudes,
whose effects are propagated down
equipotential field lines to the E region.
These winds are highly variable from
day to day and are not adequately
captured by our climatological model.
The main peak at the magnetic equator,
however, is primarily determined by
the E𝜙 electric field component (as well
as possible contributions from vertical
winds in the E region which are thought
to be small). Therefore, by accurately
modeling this main peak, we are able
to recover good estimates of the
eastward electric field component.

The Swarm EEF chain provides an error
estimate for each EEF value, defined
as the relative error between the
satellite-derived and modeled
current profiles:
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|
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|
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|
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|

|
|
|

|
|
|
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|

(3)

Here J𝜙 is a vector of eastward current
flow with components representing
the current strengths from −15 to +15◦

quasi-dipole latitude with 0.5◦ steps,
as shown in Figure 2. Small values
of RelErr indicate that the modeled
current matches the satellite-derived
current well, while larger values
indicate that important features of the
current flow are not well reproduced by
the model. For each Swarm satellite, we
computed a histogram of the relative
error values and found that the mean

was about 0.62, and the vast majority of profiles have a relative error less than 1, indicating good agreement
between the model and observations. Much of the contribution to the relative error comes from the diffi-
culty in modeling the higher-latitude current due to higher-altitude winds; however, we have found that EEF
estimates with RelErr < 1 generally model the main current peak well and can be considered reliable.

3.3. Longitudinal Gradients of the EEF
Due to the side-by-side constellation of the lower pair of Swarm satellites A and C, we are able for the
first time to study longitudinal gradients of the EEF using near-simultaneous measurements. Figure 3
(top) shows the EEF data derived from Swarm A measurements as a function of longitude for local times
between 1000 and 1200. This local time range corresponds to the time period May–June 2014, and so
we cannot currently study the EEF at different seasons until more data are obtained. The green curve is
a smoothed representation of the data computed from a moving average (over 100 points in longitude),
and clearly demonstrates the longitudinal variability due to nonmigrating atmospheric tides which has
been found in many equatorial ionospheric parameters [Immel et al., 2006; Forbes et al., 2008; Häusler et al.,
2010]. In Figure 3 (middle), we show the longitudinal gradient ΔE𝜙∕Δ𝜙, calculated by subtracting the two
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Figure 3. (top) EEF estimated from Swarm A data as a function of longi-
tude with moving average curve in green, (middle) Swarm A-derived EEF
minus Swarm C-derived EEF divided by their longitudinal separation at
the magnetic equator with moving average curve in blue, and (bottom)
moving average curves for EEF (green) and longitudinal gradient (blue)
shown on different vertical axes. All data are in local time sector 1000
to 1200.

near-simultaneous EEF estimates from
satellites A and C and dividing by their
longitudinal separation at the magnetic
equator. The blue curve is a moving
average (over 100 points in longitude)
to smooth the data. We find gradients
up to about 0.05 mV/m/deg in the
longitudinal direction and also find
periodic structure due to atmospheric
tidal components. These instanta-
neous gradient estimates correspond
well with recent measurements of
longitudinal vertical drift gradients
determined from the Communications/
Navigation Outage Forecasting System
(C/NOFS) satellite [Araujo-Pradere et al.,
2011]. In a future study, we plan to
perform a more detailed comparison
of our gradient estimates with C/NOFS
data to better gauge their accuracy
and reliability.

In order to further verify that the Swarm
EEF chain is able to correctly deter-
mine these small-gradient signals,
we plot in Figure 3 (bottom) the
smoothed curve for the EEF derived
from Swarm A (first vertical axis) and
the corresponding curve for the
longitudinal gradient computed from
Swarm A and Swarm C (second vertical
axis). A horizontal zero line is plotted in
addition to vertical dotted lines to indi-
cate where the gradient vanishes. We
see that there is very good alignment
between the vanishing gradient and
extrema of the EEF curve.

4. Comparison With Independent Data Sets
The primary means of validating Swarm-derived equatorial electric field estimates comes from the JULIA
(Jicamarca Unattended Long-term Investigations of the Atmosphere) radar system near Lima, Peru, which
uses the Jicamarca array to measure coherent echoes from vertically propagating plasma depletions occur-
ring near 150 km altitude [Kudeki and Fawcett, 1993]. While the physics behind these echoes is not well
understood, their vertical velocities have been shown to be in good agreement with F region vertical drifts
[Chau and Woodman, 2004]. The vertical drift velocity can then be directly translated into an eastward elec-
tric field via the relation E = −v × B. Figure 4 shows comparisons of JULIA electric field measurements with
simultaneous satellite-derived EEF estimates. A simultaneous event is defined as when the satellite passes
within 10◦ longitude of the JULIA radar, and there exists a JULIA measurement within 5 min of the satellite
pass. In Figure 4 (left), the Swarm EEF chain was used to process 10 years of CHAMP satellite Level-3 scalar
magnetic data for comparison purposes. Using the above criteria, we found a total of 363 simultaneous
measurements between CHAMP and JULIA. The correlation between ECHAMP and EJULIA is 0.78, and the best
fit line is given by ECHAMP = 0.96EJULIA − 0.01 mV/m. Also shown in Figure 4 (left) are the Swarm-derived EEF
estimates from all three satellites between November 2013 and October 2014. We found a total of 90 simul-
taneous measurements for all three satellites. The correlation between ESWARM and EJULIA is also 0.78. The best
fit line is given by ESWARM = 1.08EJULIA + 0.03 mV/m. Table 1 summarizes these statistics and also separates
the correlations and best fits for the individual Swarm satellites.

ALKEN ET AL. ©2015. American Geophysical Union. All Rights Reserved. 677
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Figure 4. (left) Comparison of JULIA electric field measurements with CHAMP-derived EEF (2000–2010) and
Swarm-derived EEF (November 2013 to October 2014); y = x line shown as solid. (right) Comparison of Swarm-derived
EEF with WAMNET SAM-MBO ΔH measurements.

As can be seen from Table 1, the slopes of the best fit lines for Swarm satellites A and C are slightly larger
than 1. It is unclear at present whether this is due to the small sample size, the climatological nature of the
modeling, or if it is due to an unmodeled physical effect. As discussed in Alken and Maus [2010a], the slope
of this line is heavily influenced by instabilities in the equatorial electrojet current stream (both gradient drift
and two stream) which can reduce the current strength observed by the satellite, while leaving the electric
field measured by JULIA unchanged. These instabilities are not modeled in our EEF chain; instead, an
empirical correction factor is applied to the conductivity tensor to simulate the current reduction. Addition-
ally, the longitudinal window taken around JULIA could introduce errors into the comparison. The longi-
tudinal gradient in the EEF at Jicamarca is relatively large as seen from Figure 3 (about −0.01 mV/m/deg),
and using a ±10◦ window in longitude around JULIA could introduce errors up to 0.1 mV/m in the
comparison. When more data are available, we will be able to shorten the longitudinal range to determine
how the statistics improve.

As a second validation in a different longitude sector, we processed ΔH measurements from the WAMNET
(West African Magnetometer Network) ground magnetic observatory chain for the time period 1 January
to 28 February 2014. We use data from Samogossoni (SAM, 0.18◦N dip latitude, 11.60◦N, 5.77◦W, 351 m),
situated very close to the magnetic equator, in combination with the International Real-time Magnetic
Observatory Network (INTERMAGNET) observatories Mbour (MBO, 3.23◦N dip latitude, 14.39◦N, 16.96◦W,
7 m) and Tamanrasset (TAM, 11.35◦N dip latitude, 22.79◦N, 5.53◦E, 1373 m). Subtracting simultaneous
measurements of the horizontal field component, using one observatory on the magnetic equator, and
another a few degrees away in latitude, has been shown to be a good proxy of the EEJ current strength
[Rastogi and Klobuchar, 1990; Alken et al., 2013a]. Before computing the ΔH between two magnetometer
stations, we preprocessed the individual station data by fitting cubic splines to the nighttime (from 2200
to 0500 LT) horizontal component (H) time series of hourly values, which were then subtracted from all the
data. This is designed to remove the main and crustal field baselines, typical quiet day variations occurring in

Table 1. Correlations Between Satellite-Derived EEF and JULIA or ΔH
Measurementsa

Correlation Correlation Correlation
Satellite a b (mV/m) EJULIA ΔHMBO ΔHTAM

CHAMP 0.96 −0.01 0.78
Swarm A 1.14 0.04 0.80 0.83 0.78
Swarm B 0.99 0.03 0.75 0.90 0.86
Swarm C 1.16 0.01 0.82 0.80 0.79
Swarm All 1.08 0.03 0.78 0.82 0.79

aThe best fit line is given by ESAT = aEJULIA + b.
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the magnetosphere, and possible instrument drift at the SAM station. Instrument drift is absent from defini-
tive INTERMAGNET data. ΔH was then calculated by taking differences between the H component residuals
of the SAM station on the dip equator and the MBO/TAM stations off of the dip equator. These differences
were computed using the same universal time, which could introduce some error due to the longitudinal
difference between SAM/MBO and SAM/TAM. We use the same criteria defined previously to identify simul-
taneous measurements of ΔH and Swarm-derived EEF (maximum 10◦ longitudinal separation with SAM
and 5 min in time). Figure 4 (right) shows the comparison between ESWARM and the SAM-MBO ΔH measure-
ments. The right two columns of Table 1 list the individual correlations between the ESWARM and ΔH for both
SAM-MBO and SAM-TAM. We find in all cases a correlation of at least 78%, similar to the comparisons with
JULIA, indicating that the Swarm EEF chain is also working well in the African sector.

5. Conclusion

The Swarm equatorial electric field inversion chain has been used to process nearly a year of Swarm ASM
magnetometer data from November 2013 to October 2014. The ASM instrument is recording very good,
low-noise signals of the equatorial electrojet, which are then being inverted by the EEF chain for estimates
of the eastward equatorial electric field. The EEF estimates have been validated against independent
measurements by the JULIA radar at Jicamarca, Peru. A total of 90 simultaneous measurements were
recorded during this time period, with very good correlations and best line fits, comparable to statistical
results found during the CHAMP satellite era. We also compare the Swarm-derived EEF with ΔH measure-
ments from the WAMNET observatory network in West Africa, and find high correlations of at least 78% for
all Swarm satellites.

We additionally report for the first time computations of longitudinal gradients in the equatorial electric
field from near-simultaneous estimates of the EEF from the Swarm A and Swarm C lower satellite pair. We
find longitudinal gradients of up to about 0.05 mV/m/deg which exhibit significant longitudinal variability,
thought to be due to nonmigrating atmospheric tidal structure. To our knowledge, this work represents the
first estimation of instantaneous longitudinal gradients in the EEF (and vertical drift velocities) at E region
altitudes. These data will open the possibility of further study into the vertical gradients of upward drifting
plasma, using measurements from the Ion Velocity Meter instrument on C/NOFS or the Electric Field
Instrument on Swarm. Furthermore, these data will provide important inputs to theoretical and assimilative
ionosphere models, providing a mechanism of comparing model results with day-to-day observations.
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