
Equatorial E region electric fields at the dip equator: 1.
Variabilities in eastern Brazil and Peru
J. Moro1, C. M. Denardini2, L. C. A. Resende2, S. S. Chen2,3, and N. J. Schuch1

1Southern Regional Space Research Center (CRS/INPE), Santa Maria, Brazil, 2National Institute for Space Research (INPE), São
José dos Campos, Brazil, 3Department of Electrical Engineering, University of Taubaté, Taubaté, Brazil

Abstract The equatorial electrojet (EEJ) is an intense eastward ionospheric electric current centered
at about 105 km of altitude along the dip equator, set up by the global neutral wind dynamo that
generates the eastward zonal (Ey) and the daytime vertical (Ez) electric fields. The temporal variation of
the EEJ is believed to be well understood. However, the longitudinal variability of the Ey and Ez between
100 and 110 km is still quite scarce. Due to their importance overall phenomenology of the equatorial
ionosphere, we investigate the variabilities of the Ey and Ez inferred from measurements of the Doppler
frequency of Type II echoes provided by coherent backscatter radars installed in locations close to the
magnetic equator in the eastern Brazil (2.33°S, 44.20°W) and Peru (11.95°S, 76.87°W). This study is based on
long-term (609 days for both systems) radar soundings collected from 2001 to 2010. The variabilities of the
electric fields are studied in terms of the position of the soundings with respect to
the dip equator and the magnetic declination angle. Among the results, Ey and Ez show longitudinal
dependence, being higher in Peru than east Brazil. Under quiet geomagnetic activity, the mean diurnal
variations of Ey ranged from 0.21 to 0.35mV/m between 8 and 18 h (LT) in Brazil and from 0.23mV/m to
0.45mV/m in Peru, while the mean diurnal variations of the Ez ranges from 7.09 to 8.80mV/m in Brazil and
from 9.00 to 11.18mV/m in Peru.

1. Introduction

The equatorial electrojet (EEJ) is an intense electric current flowing eastward along the geomagnetic dip
latitudes driven basically by the eastward zonal (Ey) electric field, which is generated in both daytime and
nighttime by the E region dynamo [Forbes, 1981]. The EEJ represents a rather large enhancement of the
diurnal variation in the horizontal component of the geomagnetic field and at the vicinity of the dip equator.
The cross field of Ey and northward geomagnetic field produces an eastward Pedersen current and a down-
ward Hall current. The Hall current is restricted in the lower and upper boundaries of the dynamo region due
to the abrupt dropping in the local conductivities, which leads to an upward daytime vertical (Ez) electric
field. This field drives gradient drift instability that produces Type II irregularities [Cohen and Bowles, 1967],
which can act as scattering centers for HF and VHF radio waves.

The most systematic experimental studies of the equatorial ionospheric E region have been provided by
incoherent backscatter radar observations at the Jicamarca Radio Observatory (JRO) in the Peruvian sector
[Woodman, 1970; Farley and Balsley, 1973; Farley et al., 1978; Farley, 1985; Kudeki and Sürücü, 1991;
Woodman and Chau, 2002]. Subsequent incoherent backscatter radar observations were notably from
Indian and African sectors [Reddy and Devasia, 1976; Crochet, 1977; Crochet et al., 1979; Reddy et al., 1987;
Patra et al., 2005], confirming the existence of the two types of radar echoes and bringing out characteristic
of the diurnal, seasonal, and solar cycle variabilities of the EEJ. Most of the equatorial ionospheric electric field
(E) were obtained from the vertical drift measurements (v) through the standard relation v=E×B/B², where B
is the main magnetic field. However, the numbers of incoherent backscatter radars measuring ionospheric
drifts for electric fields inference at equatorial stations are very limited due to the complexity of building
and operation. Another way to obtain the electric fields, specific in the EEJ region, is through the use of
the Doppler frequency from Type II echoes provided by coherent backscatter radars. This technique
has been used to make indirect measurements of the E region electric field (EEF) in the Peruvian [Balsley,
1973; Woodman, 1970; Balsley and Woodman, 1971; Hysell and Burcham, 2000] and Indian [Reddy et al.,
1981, 1987; Viswanathan et al., 1987, 1993] sectors. In the Brazilian sector, coherent backscatter radar
technique has being employed for sounding the equatorial E region since the 2000s. The measurements have
provided several information of the EEJ and its plasma irregularities: short-period (~5min or larger)
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fluctuations and significant day-to-
day variability [Abdu et al., 2002],
vertical distributions [Denardini et al.,
2003; de Paula and Hysell, 2004],
variabilities under auroral activity
and quiet geomagnetic conditions
[Denardini et al., 2004], seasonal
characterization [Denardini et al.,
2005], transition from daytime to
nighttime [Denardini et al., 2006],
equatorial counter electrojet events
[Denardini et al., 2009], atmosphere-
ionosphere coupling process at the E
region heights due to upward propa-
gating waves from tropospheric
source [Aveiro et al., 2009a, 2009b],
simultaneous observation of irregula-
rities during late afternoon for quiet
and geomagnetic disturbance condi-
tions [Shume et al., 2011], and occur-
rence of 150 km echoes [Rodrigues
et al., 2013].

The present understanding of the EEF in the Brazilian sector is still quite scarce as compared with others long-
itude sectors. Nevertheless, significant progress is being made with the Doppler frequency of Type II echoes
measured by the 50MHz backscatter coherent radar (RESCO) set at São Luís Space Observatory (SLZ).
Denardini et al. [2011] studied the efficiency of the penetration electric field at equatorial latitudes based
on multiresolution analyzed on equatorial and interplanetary electric field. Denardini et al. [2013] investigate
the anomalous conductivity effects on the EEF and its possible dependence of the gravity waves braking at
the E region heights. In a more recent work, Denardini et al. [2015] present the dependence of the EEF with
the solar activity based on the F10.7 solar flux.

While significant studies of the electrodynamics (conductivities, electric fields, EEJ, and its plasma
instability) of the E region have been made separately at the SLZ and JRO, comparison between these
two observatories during a solar cycle has never been published. Therefore, our main motivation in this
work is to study the EEJ longitudinal variations in terms of the electric field components, Ey and Ez,
inferred from Doppler frequency of Type II echoes (gradient drift instability) detected with the RESCO radar
and the low-power configuration of the Jicamarca radar, also known as JULIA mode (Jicamarca Unattended
Long-term Studies of the Ionosphere and Atmosphere), covering the years from 2001 to 2010. The data
selection yields a total of 609 days of RESCO and JULIA soundings for both systems. This work is of
interest for studies of the climatologyof overall ionospheric phenomenology in the equatorial and low-latitude
regions, especially in the low-latitude regions due to the sparse availability of ionospheric electric field
measurements.

The locations of the radars, which data are used in this study, are shown as black squares in Figure 1, and cor-
responding coordinates are given in Table 1. The geomagnetic equator provided by the International
Geomagnetic Reference Field (IGRF-11) model [Finlay et al., 2010] is shown as the dashed line for the year
2001 and the continuous line for the year 2010. The secular variation of the Earth’s magnetic field drifts
the geomagnetic equator away from the SLZ region leading to an apparent northwestward movement at
a fixed location. The magnetic declination is around 21°W in this region. On the other hand, the geomagnetic
equator changes slightly over the years in the JRO region. This peculiarity of the geomagnetic field in both
regions is an additional motivation to study the variabilities of the EEF in these two longitudinal sectors.
Therefore, our discussion will focus on the similarities and differences of EEF with the geomagnetic position
of the radar and geomagnetic activity. The present paper is organized as follows: the basic operational para-
meters of the radars used in this work for observing 3m EEJ waves are described in section 2, the methodol-
ogy to infer the EEF is briefly described in section 3, the results and discussions are provided in section 4, and

Figure 1. Geographic locations of the São Luís Space Observatory, Brazil
(SLZ, 2.33°S, 44.20°W) and the Jicamarca Radio Observatory, Peru (JRO,
11.95°S, 76.87°W). The geomagnetic equator given by the IGRF-11 model is
plotted by dashed line in 2001 and in continuous line in 2010.
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our conclusions are presented in section 5. The seasonal variability and effects due to the secular variations of
the magnetic equator over Brazil are presented in this issue by Moro et al. [2016b].

2. RESCO and JULIA Coherent Backscatter Radars

The 50MHz RESCO radar set at SLZ is constituted basically of a coaxial collinear antenna array which consists
of 32 strings of 24 dipoles (totalizing 768 dipoles) with 1/2 wavelength element separation. The array is
configured so that the antenna beam can be steered electronically between the vertical and one oblique
direction (±30° zenith angle) or between the two oblique directions. The westward pointed antenna beam
was used in this work. The transmitter system feeds the 32 strings with ~40 kW peak power, and so they
are amplified and delivered to the antenna array through duplexer-preamplifier modules. These duplexers
enable transmission and reception in the same antenna array. The noncoded pulse width was set to 20μs,
and the interpulse period was set to 1ms. Echoes between about 80 and 120 km, with a height resolution
of about 2.6 km (3 km in range) and 2min time resolution after incoherent pulse integration, arrive between
the 8 and 18 local time (LT). The four ranges of radar heights around the EEJ center used in this work are cen-
tered at 102.5, 105.1, 107.7, and 110.3 km. A detailed description of the RESCO and examples of observations
are given by Abdu et al. [2002] and Denardini et al. [2009, 2015].

The JULIA mode combines low-power transmitters for coherent measurements with the main Jicamarca
array and has been measuring the equatorial plasma drifts at 150 km altitude since 1996 [Hysell and Larsen,
1997]. In recent years, a variety of configurations has been added to the JULIA mode that utilizes different
antenna pointing positions and/or small sets of antennas, particularly for EEJ studies [Chau and Hysell,
2004]. Since interferometry data do not work effectively for electric fields measurements in the EEJ region
[Hysell et al., 1997], we have used data collected from an antenna array of 16 widely spaced, tilted Yagi
elements at JRO. The pulsing scheme for transmission is the same as for the Jicamarca main array. Echoes
from 100 to 120 km arrive through a westward sidelobe with a zenith angle of 23° between 8 and 18 LT.
The height resolution is about 954m, and the time resolution is 56.32 s after incoherent pulse integration
and decoding. Since the resolution of JULIA is different of the RESCO radar, we have chosen the four
JULIA height ranges centered as close as possible to the RESCO height ranges. Thus, we analyze data
collected at 102.2, 105.0, 107.9, and 110.7 km. The main specifications and operational parameters of the
RESCO and JULIA radars, to measure the Doppler frequency of Type II echoes used in this work, are listed in
Table 1.

3. Methodology

We have selected a set of 609 days of RESCO and JULIA data collected in the Brazilian and Peruvian dip
equator regions, respectively. The backscatter spectra collected by both radars generally show signatures

Table 1. RESCO and JULIA System Specifications and Operational Parameters Used for Measurements of Doppler
Frequency of Type II Echoes (Gradient Drift Instability)

Specification RESCO (SLZ) JULIA (JRO)

Geographic coordinates 2.33°S, 44.20°W 11.95°S, 76.87°W
Declination angle ~21°W ~4°E
Magnetic dip ~7°S ~2°N
Antenna 32 × 24 = 768 dipoles 1 × 16 = 16 Yagi elements
Data covered From 2001 to 2009 From 2006 to 2010
Frequency 50MHz 49.92MHz
Height ranges 110.3 km 110.7 km

107.7 km 107.9 km
105.1 km 105.0 km
102.5 km 102.2 km

Height resolution 2.6 km 954m
Oblique beam in zenith angle westward by 30° westward by 23°
Peak power 40 kW (8 × 5 kW) 30 kW
Pulse width 20 μs (noncoded) 10 μs (noncoded)
Time resolution 2min 56.32 s
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of both Type I and Type II echoes from 8 to 18 LT. We have applied a spectral decomposition technique to
every single spectrum, assuming that the experimental spectra can be decomposed in many Gaussians as
stated by Cohen [1973] and explained in details in the recent paper by Denardini et al. [2015]. The Doppler
frequency (fD) of both Type I and Type II irregularities can be obtained separately.

The parameter fD obtained from the center of frequency distribution of Type II Gaussian is converted into the
Doppler velocities of Type II irregularities (VDII) taking into account the radar operating frequency (fR) and the
speed of light (c) as

VDII ¼ c
2f R

f D; (1)

where c/2fR= 3m for the 50MHz backscatter radars at SLZ and JRO. The resulted VDII are grouped according
to the height and time of data acquisition, aiming to obtain mean velocities at a given height and local
time. Thus, we have the horizontal component of these mean velocities along the radar beam, which has
been extensively used to determine the drift velocity of E region electrons (Ve) in the EEJ and for the
determination of the Ey component [Balsley, 1973; Hysell and Burcham, 2000; Denardini et al., 2013, 2015;
Moro et al., 2016a].

The VDII velocity has contribution due to the E region neutral winds below ~100 km, as shown by the follow-
ing expression:

VDII ¼ Ve

1þ Ψ0
þ ViΨ0

1þ Ψ0
; (2)

where Vi is the ion velocity, Ψ0 = νinνen/ΩiΩe is known as anisotropic factor, and νin and νen are the ion-neutral
and electron-neutral collision frequencies, respectively. Electron and ion cyclotron frequencies are Ωe and Ωi,
respectively. The anisotropic factor is comparable or larger than unity due to the high rate of ion-neutral colli-
sions. The ionmotion (essentially due to neutral wind) cannot be neglected while deriving Ve from the observed
Doppler velocity below 100 km. However, above 100 km, the collision frequencies of ion-neutral and electron-
neutral are significantly less, and Ψ0 is negligibly small. Over this region, the drift velocity of the Type II irregu-
larities represents essentially Ve [Devasia et al., 2004]. Therefore, in this work we neglected the last term in
equation (2) in order to derive the Ez component between 100 and 110km by the relation Ve=E×B/B² with
a high degree of approximation, as per equation (3) [Cohen, 1973; Reddy, 1977; Denardini et al., 2015]:

Ez ¼ VDII 1þ Ψ0ð ÞB²
sin Θð ÞH ; (3)

whereΘ is the zenith angle of the radar beam, B is the Earth’smagnetic field flux density, andH is its horizontal
component.

Physical features of the EEJ with the aid of numerical model were examined by Richmond [1973]. He showed
that the electric field and current at a given point are strongly dependent on conditions along the entire
magnetic field line. Therefore, a conductivity model [Denardini, 2007; Moro et al., 2016a] is used to calculate
the local Hall (σH) and Pedersen (σP) conductivities along the magnetic meridian overhead the radars site, i.e.,
SLZ and JRO, and the field line coordinates within the grid resolution of 1 km in vertical and magnetic north-
south directions in order to infer Ey by means of equation (4):

Ey ¼ ∫
þθ

�θσP r�dθ
∫
þθ

�θσH r�dθ
�Ez⇒Ey ¼ ΣP

ΣH
�Ez; (4)

where r is the position of the magnetic field line element considering dipole geometry, θ is the magnetic lati-
tude, dθ is the differential magnetic latitude element vector, and ΣP and ΣH are the field line-integrated
Pedersen and Hall conductivities, respectively. The integrals presented in equation (4) are taken along the
entire length of the field line between the bases of the E region considered in this work in the southern and
northern magnetic hemispheres.

The Mass Spectrometer and Incoherent Scatter Model (NRLMSISE-00, hereafter written as MSIS) [Picone et al.,
2002], International Reference Ionosphere (IRI-2007) [Bilitza and Reinisch, 2008], and IGRF-11 empirical model
outputs provide the parameters for neutral atmosphere, ionosphere, and geomagnetic field, respectively, in
the magnetic field line-integrated conductivity model in order to calculate the anisotropic factor in equation
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(3) and the ionospheric conductivities in equation (4). The uncertainties in the ionospheric conductivities and
the electric field components associated with these empirical model outputs were discussed recently by
Moro et al. [2016a] in order to precisely define the confidence limit for the estimated Ey and Ez and will
not be addressed here.

4. Results and Discussions

The diurnal Ey and Ez inferred from RESCO and JULIA observations at each of the four height ranges are aver-

aged to obtain the daily mean zonal Ey
� �

and vertical Ez
� �

components of the EEF between 8 and 18 LT.

Figure 2 shows 8 years of Ey and Ez inferred from 432 days of RESCO soundings collected from 2001 to
2009. RESCO data were not available during 2008 due to instrumental problems, and we only have 4 days

of observations in 2007. A similar plot corresponding to 5 years of Ey and Ez inferred from 177 days of
JULIA soundings collected from 2006 to 2010 is shown in Figure 3. In these figures, the vertical axes are
set in mV/m and the years run along the horizontal axes. The graphs correspond to the four height ranges
indicated in Table 1 for both observatories and identified on the top left corner of each graph. We also calcu-

lated the mean Ey (i.e., ˂Ey˃) and mean Ez (i.e., ˂Ez˃), shown in the top right corner of each graph, to provide an
idea of the EEF strength per range height considering all soundings. In the graphs of Figures 2d, 2h, 3d, and
3h, the open squares show the estimated magnetic dip angle during the soundings in both observatories, in
order to set a reference of the geomagnetic equator displacement during the period of study, in order to
study the EEF with the geomagnetic position of the radar.

The mean features of the Ey and Ez at SLZ are Ey ranges from 0.04 to 1.75mV/m between the 8 and 18 LT and

Ez ranges from 1.2 to 30mV/m. In general, we observe a positive gradient of ˂Ey˃ with height, although ˂Ey˃
will be more intense at 105.1 than at 107.7 km. However, we do not observe the same characteristic in ˂Ez˃,
which show negative gradient with height. Both Ey and Ez seem to have a dependency with the dip equator
secular displacement effect. The geomagnetic equator drifts in a rate of ~22min/yr (~40 km/yr); see Figure 1.
Due to this drift, the geomagnetic dip angle over SLZ varied from �2.2° in 2001 to �5.1° in 2009, at 105 km.

Figure 3 shows that the Ey ranges from 0.1 to 0.69mV/m between 8 and 18 LT at JRO, while Ez ranges from

0.78 to 23.75mV/m. Also, we observe a positive gradient in ˂Ey ˃ with height and ˂Ez˃, although ˂Ez˃ will be
more intense at 105 than at 107.9 km. The geomagnetic dip angle varied from �0.2° in 2006 to �0.8° in
2010, which is a very low rate (a rate of ~9min/yr, ~16 km/year) as compared to SLZ. Another characteristic
is that the EEF intensities do not vary much along the years at the JRO.

Figure 2. Daily variation of the Ey and Ez from 2001 to 2009 at the São Luís Space Observatory (SLZ), Brazil, as a function of
(a–h) the height and dip equator location shown in Figures 2d and 2h.
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The similarity in the EEF at SLZ and JRO that we identify from the results of Figures 2 and 3 is thatEy andEz are
not drastically affected by the dip equator displacement along the years. This fact is clearer at SLZ since the
EEFs are more intense in the year 2009. However, this was not expected since the current theories predicted
that the EEJ current sheet flows along the geomagnetic dip latitudes (±3°) at 105 km altitude. The dip angle
achieved this threshold in 2003 at SLZ. Nevertheless, the EEJ plasma irregularities were observed until 2009
(dip: �5.1°) once the conditions of EEJ irregularities development predicted by the linear theory [Fejer et al.,
1975] were satisfied. Indeed, SLZ is still considered an equatorial region since the dip angle is less than 7°. JRO
results corroborate with this observation in the Brazilian sector because we have observed more intense EEF
in 2010 at JRO.

With respect to the differences in ˂Ey˃ and ˂Ez˃ at SLZ and JRO, we can list several observed characteristics. An

upward gradient in ˂Ey˃ is observed at JRO, but it is not observed in ˂Ey˃ at SLZ. The higher values of ˂Ey˃ are
0.43mV/m at 110.3 km at SLZ and 0.44mV/m at 110.7 km at JRO. The lower values of ˂Ey˃ are found at lower

altitudes in both observatories. With regard to the gradient of ˂Ez˃, we could find a clear difference between

SLZ and JRO. The higher values of ˂Ez˃ are 10.17mV/m at 102.5 km at SLZ and 10.16mV/m at 110.7 km at JRO.

The lower values of ˂Ez˃ are 8.13mV/m at 107.7 km at SLZ and 9.15mV/m at 107.9 km at JRO.

In order to verify the behavior of the electric field components inferred from the radar data collected during
the geomagnetically quiet days (Kp ≤ 3+) only, the 432 days of RESCO soundings from 2001 to 2009 were clas-
sified and 54% were selected as acquired during geomagnetically quiet day, whereas from 177 JULIA sound-
ings, 65% were acquired during geomagnetically quiet days. In the subsequent analysis, the electric field
components inferred from the RESCO and JULIA data are averaged in order to have the mean diurnal varia-
tions of the Ey and Ez per range heights. The results are plotted in the white line in Figure 4 for SLZ and in
Figure 5 for JRO. Figures 4a and 4b and 5a and 5b correspond to themean diurnal variation of Ey and its mean
˂Ey˃, respectively, while the mean diurnal variation of Ez and its mean ˂Ez˃ are shown in Figures 4c and 4d and
5c and 5d. The error bars in Figures 4b and 4d and 5b and 5d represent the standard deviation, which is
related to the Doppler velocity estimation.

The main characteristics of the EEF inferred in quiet time periods that we identify from the result shown in
Figures 4 and 5 are Ey ranges from 0.21 to 0.35mV/m at SLZ and from 0.23 to 0.45mV/m at JRO. The compo-
nent Ez ranges from 7.09 to 8.80mV/m at SLZ and from 9.00 to 11.18mV/m at JRO. Accordingly to our results
during the quiet periods, Ez is at most 20–30 times Ey at SLZ, and Ez is at most 25–40 times Ey at JRO. The
results also show that Ey can change only slightly in the E region in both longitudinal sectors.

Figure 3. Daily variation of theEy and Ez from 2006 to 2010 at the Jicamarca Radio Observatory (JRO), Peru, as a function of
(a–h) the height and dip equator location shown in Figures 3d and 3h.
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The results presented in Figures 4 and 5 clearly highlight that the Ey and Ez components vary longitudinally
besides SLZ and JRO being relatively close stations, separated by just 30° of longitude. The intensity of EEF is a
remarkable difference between the two longitude sectors. The EEF is stronger at JRO compared at SLZ. The
maximum intensity of Ey is 0.45mV/m at JRO and 0.35mV/m at SLZ. Themaximum intensity of Ez is 11.18mV/
m at JRO and 8.80mV/m at SLZ. The EEF components are less intense at SLZ by about 22% as compared to
that at JRO during quiet time days.

Ground-based magnetic field measurements have shown that the EEJ varies longitudinally within the South
American continent between SLZ and JRO [Shume et al., 2010, and references therein]. The difference in Ey
between SLZ and JRO might be caused by the difference in its modulation by atmospheric tides in the
Brazilian and Peruvian sectors [England et al., 2006; Vineeth et al., 2007]. Yamazaki et al. [2014] reported that
the irregular variability of the neutral wind produces day-to-day variations in the daily range of Sq (H) near the
magnetic equator causing the daily EEJ variability. The authors have also shown that Ey is the main source of
the day-to-day variations of EEJ. Figures 4a, 4c, 5a, and 5c also demonstrate differences in the variability of
observed EEF strengths at the two stations. The degree of EEF variability is higher in the upper portion of
the EEJ at SLZ. The higher EEF variability occurs in the lower portion of the EEJ at JRO. In addition, the EEFs
intensify between 10 and 14 LT at JRO, which is clearer above 105 km.

The downward gradient in ˂Ez˃ shown in Figure 4d may be caused by the modeling of the anisotropic factor
(equation (2)) for SLZ region. The magnetic field line-integrated conductivity model uses the MSIS-2000, IRI-

Figure 4. Diurnal variationsof the (a)Eyand (c)Ezand their average (b)< Ey>and (d)< Ez>, respectively, estimatedat102.5,
105.1, 107.7, and 110.3 km with RESCO data collected during the geomagnetically quiet days (Kp ≤ 3+) from 2001 to 2009.
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2007, and IGRF-11 empirical model as input parameters for neutral atmosphere, ionosphere, and geomag-
netic field, respectively. The uncertainties (or errors) in the electric fields estimate associated with these
empirical model outputs for the SLZ region were studied recently by Moro et al. [2016a]. It is observed that
the electric fields over SLZ can differ by almost 40% if the magnitude of the variables provided by the empiri-
cal models is overestimated or underestimated by 10%. One of the most significant results of the study is that
the variations in the O, N2, and O2 densities and neutral temperature provided by the MSIS-2000 cause the
largest changes in the E region conductivity and electric fields. In addition, the effects are higher in the lower
E region, below ~105 km. Therefore, we could identify an upward gradient in Ezwith height at SLZ taking into
account the uncertainties in the empirical models recently discussed by Moro et al. [2016a].

The Ey component has been shown to be independent of altitude in the equatorial F region and closely
related to the Ey component in the E region [Woodman, 1970; Balsley and Woodman, 1969]. Also, the compo-
nent is responsible for the F region vertical drift, since it is mapped into the F region along electrically equi-
potential geomagnetic field lines. In Jicamarca sector, the E region electron drift velocity is about 400m/s and
an F region vertical velocity of about 20m/s if Ey is ~0.5mV/m [Woodman, 1970; Fejer et al., 1979]. The east-
west F region field and the north directed geomagnetic field produce a vertical drift of the F region ionization.
Several works have indicated that the vertical plasma drift in the F region is higher in the Peruvian than in the
Brazilian sector [Fejer et al., 1979; Abdu et al., 1981]. This fact agrees well with our EEF results, being stronger at
JRO than at SLZ.

Figure 5. Diurnal variations of the (a) Ey and (c) Ez and their average (b) <Ey> and (d) <Ez>, respectively, estimated at
102.2, 105.0, 107.9, and 110.7 km with JULIA data collected during the geomagnetically quiet days (Kp ≤ 3+) from 2006
to 2010.
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The daytime Ey values for quiet days presented in this work can be compared to those reported in the litera-
ture. The relationship between Ey and the east-west electron velocity was given for the Jicamarca location by
Ey≅� 6× 10� 6 VDII [Balsley and Woodman, 1971], where the electric field is expressed in V/m and the drift
velocity in given in m/s. The authors reported Ey values in the range 0.38–2.06mV/m using the last equation.
Balsley [1973] also reported Ey values in the range 0.8–1.0mV/m around noon for the equinoctial period dur-
ing solar maximum (1967–1973). However, Fejer et al. [1975] pointed out that the phase velocity of the irre-
gularities has to bemultiplied by an appropriated factor, which isΨ0 shown in equation (2). Reddy et al. [1987]
and Viswanathan et al. [1987] reported Ey values in the ranges 0.1–0.55mV/m and 0.1–0.6mV/m, respectively,
taking into account the anisotropic factor. Our results from the quiet time periods indicate Ey values in the
range 0.23–0.45mV/m in the Peruvian sector and 0.21–0.35mV/m in the Brazilian sector, which is in good
agreement with the previews results.

The diurnal variability of Ey presented in the present work is less intense than the ones published by
Denardini et al. [2013] in the Brazilian sector mainly due to two reasons: (i) the magnetic field line-integrated
conductivity model was updated after their work [Moro et al., 2016a] and (ii) we considered here data cover-
ing the years from 2001 to 2009. The experiment ran in 2002 and 63magnetically quiet days were selected to
infer the electric fields in Denardini et al. [2013]. It should also be remembered that the previous solar cycle,
solar cycle 23, peaked in 2000–2002 with many intense geomagnetic storms.

During geomagnetic disturbances, the EEF undergo significant deviations from their quiet day patterns due
to disturbance electric field originating from the high latitude in the form of disturbance dynamo electric field
and from the magnetosphere in the form of prompt penetration electric field (e.g., Fejer [2002] for a review).
Although the data selected in the quiet time analysis are considered to be acquired in quiet days based on
the Kp values, the auroral indices AE showed some disturbances (not shown here) in some days andmay have
produced effects in EEJ signatures in the radar returns. This point demonstrates the efficient electrodynamics
coupling that exists between the auroral and equatorial current systems and will be subject of a future work.
Such deviations can be clearly observed in the SLZ results when Figure 2 and Figures 4b and 4d are com-

pared. The ˂Ey˃ and ˂Ez˃ shown in the top right corner of each graph in Figure 2 (all radar data set) are more
intense than < Ey> and < Ez> values in Figure 4 (quiet data only), which may be caused by the amount of
RESCO data set acquired from 2001 to 2009 during periods with Kp> 3+ (46% of the soundings). This is less
evident in the Peruvian sector, when we compare the results in Figure 3 and Figures 5b and 5d, because the
number of JULIA data set acquired from 2006 to 2010 with Kp> 3+ (35% of the soundings) is considerably
smaller. The first observational result showing EEJ effects in the Brazilian sector due to auroral substorms
even on a Kp-based conventional quiet day can be found in Abdu et al. [2003].

The discussion of the large difference in the magnetic declination angle between SLZ and JRO and its conse-
quence in the EEF was raised in this paper, especially with the results presented in Figures 2 and 3. The
separation of the geographic and dip equators being 2.33°S for São Luís and 12°S for Jicamarca may cause
significant differences in the EEF seasonal variation due to the effects of neutral dynamics on EEJ instability
process for the two locations. These effects will be presented on this issue by Moro et al. [2016b].

5. Summary and Conclusions

We have examined variabilities of the E region electric fields (EEF) in locations close to the magnetic equator
in eastern Brazil (São Luís Space Observatory-SLZ, 2.33°S, 44.20°W) and Peru (Jicamarca Radio Observatory-
JRO, 11.95°S, 76.87°W). The vertical (Ez) electric field component is obtained from the Doppler frequency of
Type II echoes detected with RESCO and JULIA coherent backscatter radars. The eastward zonal (Ey) electric
field component is obtained from the vertical component and the Hall-to-Pedersen ionospheric conductivity
ratio. The radar soundings collected during the solar cycles 23–24 (from 2001 to 2010) are used to derive the
EEF components.

The results based on more than 600 days of RESCO and JULIA soundings show that the daily mean zonal (Ey)

component ranges from 0.04 to 1.75mV/m and the daily mean vertical (Ez ) component ranges from 1.2 to

30mV/m between the 8 and 18 LT at SLZ. We have observed positive gradient in the mean Ey , ˂Ey ˃, with
height, but the same characteristic in themeanEz, ˂Ez˃, is not observed. In the Peruvian sector,Ey ranges from

0.1mV/m to 0.69mV/m, while Ez ranges from 0.78 to 23.75mV/m between 8 and 18 LT. Also, we observe a
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positive gradient in ˂Ey ˃ with height. The similarity between Ey and Ez at SLZ and JRO is that they are not
drastically affected by the dip equator secular displacement along the years.

The diurnal variation of Ey and Ez inferred from radar data collected during the geomagnetically quiet days
(Kp ≤ 3+) reveled that Ey ranges from 0.21 to 0.35mV/m at SLZ and from 0.23 to 0.45mV/m at JRO. The Ez
component ranges from 7.09mV/m to 8.80mV/m at SLZ and from 9.00mV/m to 11.18mV/m at JRO, showing
that the EEF varies longitudinally besides SLZ and JRO been separated by 30° of longitude. The present study
shows that the Ey and Ez components are less intense in the Brazilian sector by about 22% as compared to
that at the Peruvian sector.
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