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Abstract we have being studying the zonal and vertical E region electric field components inferred from
the Doppler shifts of type 2 echoes (gradient drift irregularities) detected with the 50 MHz backscatter
coherent radar set at Sdo Luis, Brazil (SLZ, 2.3°S, 44.2°W) during the solar cycle 24. In this report we present the
dependence of the vertical and zonal components of this electric field with the solar activity, based on

the solar flux Fq,. For this study we consider the geomagnetically quiet days only (Kp<3*). A magnetic
field-aligned-integrated conductivity model was developed for proving the conductivities, using the IRI-2007,
the MISIS-2000, and the IGRF-11 models as input parameters for ionosphere, neutral atmosphere, and Earth
magnetic field, respectively. The ion-neutron collision frequencies of all the species are combined through
the momentum transfer collision frequency equation. The mean zonal component of the electric field, which
normally ranged from 0.19 to 0.35 mV/m between the 8 and 18 h (LT) in the Brazilian sector, show a small
dependency with the solar activity. Whereas the mean vertical component of the electric field, which normally
ranges from 4.65 to 10.12 mV/m, highlights the more pronounced dependency of the solar flux.

1. Introduction

The equatorial electrojet (EEJ) is an intense electric current flowing at about 105 km of altitude in the
equatorial E region and covering a latitudinal range of +£5° around the dip equator. It is basically driven
by the E region dynamo electric field [Fejer and Kelley, 1980] and represents an important aspect of the
phenomenology of the equatorial ionosphere-thermosphere system. Magnetic observations of the ground-
derived EEJ strength have being studied in several longitudinal sectors for many years [Sugiura and Cain, 1966;
Mayaud, 1977; Campbell, 1989, and references therein]. Sounding observations of the equatorial ionospheric
E region using VHF radars have been reported since the 1960s. Apart from some radar sounding campaigns, most
of the backscattered echoes from electron density irregularities in the EEJ have being routinely acquired only in
the Peruvian sector [Farley, 1963; Cohen and Bowles, 1967; Cohen, 1973; Farley, 1985; Hysell and Burcham, 2000]
and the Indian sector [Prakash et al., 1971; Reddy and Devasia, 1976, 1981; Patra et al., 2005].

Since the 2000s, several aspects of the EEJ were also investigated based on the coherent radar technique in the
Brazilian sector: the vertical distributions of the irregularities type 1 and type 2 [Denardini et al., 2003], the day-
to-day variabilities of the EEJ under auroral activity and quiet conditions [Denardini et al, 2004], its seasonal
characterization [Denardini et al., 2005], and the transition from daytime to nighttime [Denardini et al., 2006}, when
the prereversal electrodynamic enhancement lifts the whole ionosphere leading to formation of the plasma
bubbles. Also, specifically about the responses of the E regions electric field (EF), drivers of the EEJ, to storm time,
significant progress have being made by Denardini et al. [2009, 2011] to explain the behavior of the plasma
irregularities (driven by electric field) to the disturbance dynamo. In addition, Shume et al. [2010, 2011] and
Guizelli et al. [2013] investigated the regional differences about the EEJ in the Brazilian and Peruvian sector.

Significant contribution to the understanding of the atmosphere-ionosphere coupling processes at the
E region height due to upward propagating waves from tropospheric sources was performed by Aveiro
et al. [2009a, 2009b], when studying the climatology of gravity waves (GW) and the signatures of 2 day wave
in the EF. They showed the relationship between the 2 day wave and winds and ionospheric currents, as well
as that up to 20% of the EEJ driving electric field can be due to GW-induced electric fields in the equatorial
E region. Recently, Denardini et al. [2013] investigated the anomalous conductivity effects on the EEJ electric
fields and its possible dependence of the GW braking at the E region heights.

With respect to the solar dependence of the E region, it is the well known that the EUV, UV, Lyman-¢, and
X-ray photoionization processes control the electron density along with the whole set of chemical reactions.
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Also, Resende and Denardini [2012] and Resende et al. [2013] investigated the evolution of the electron density
during solar events of the solar cycle 23 and demonstrated that the E region can be directly affected by the
X-ray flow due to solar flare.

In addition to these series of work investigating the physical dependence of the EEJ electric field to several
controlling factors in the Brazilian sector, we present the dependence of the vertical and zonal components
of this electric field with the solar activity based on the solar flux F;q; in the present paper.

2. Methodology

For the present study, we have selected the coherent VHF backscatter radar data collected during the
geomagnetically quiet days (Kp<3™) only, covering the years from 2001 to 2009, collected in the Brazilian
dip equator. Based on these radar data we estimate the vertical component of the electric field (E,), and
thereafter, with the aid of a magnetic field-aligned-integrated conductivity model, we derived the zonal
component of the electric field (£,). The diurnal variations of these quantities were then evaluated considering
the solar activity during the last solar cycle.

As an indicator of the solar activity, we have used the F;q 7 solar flux which corresponds to the electromag-
netic solar emission at wavelength of 10.7 cm (equivalent to the 2.8 GHz frequency, measured in solar flux
unit (sfu), 1 sfu=10"22Wm™2Hz ). The integrated solar flux density at 10.7 cm wavelength was used as a
proxy for the solar activity due to its known relation to ionizing radiation and terrestrial effects [Chatterjee
and Das, 1995]. Therefore, it is commonly used in several ionospheric models. During the present study
(2001-2009), the daily averaged F;o7 varied from high solar activity (greater than 150sfu) to low solar
activity (below 100 sfu). In the period of high solar activity (2001-2002), the F; 7 solar flux was greater than
150 sfu during most of the radar soundings, sometimes peaking 250 sfu. In 2003, there was a decrease in
the Fqo7 flux to values between 100 and 150 sfu. Afterward, the F;o 7 flux decreased below 100 sfu from
2006 to 2009.

In the following subsection we provide relevant additional information concerning the analysis of solar
activity dependence of the diurnal variations of the EF, which includes (a) a basic radar characteristic impacting
the data description (e.g., range height and time resolution), (b) the electric field computing from the radar data,
and (c) a discussion about the models affecting the electric field computation.

2.1. Basic RESCO Description

The 50 MHz coherent backscatter radar (RESCO) is located at Sao Luis (2.3°S, 44.2°W), which was an equatorial
station up to 2012, before the secular variations of the Earth magnetic field drift the magnetic equator away.

General features are the following: (1) modular system consisting of eight power transmitter phased locked;
(2) attainable total power of 120 kW (8 x 15 kW); (3) coaxial collinear broadside antenna array for transmission
and reception consisting of 32 antennas, each antenna having 24 dipoles aligned in the magnetic north-south
direction; and (4) two-way oblique beam tilted by 30° in zenith angle, settable in the east-west plane, ~7° beam
width in both cases and ~5° in the north-south plane.

Operations mode used for the present data set are the following:

Transmitting peak power was limited to 40 kW (8 x 5 kW);

Oblique beam was tilted westward;

Transmitted (noncoded) pulse width was set to 20 ps;

Interpulse period was set to 1 ms;

Echo sampling with a 20 us wide window (3 km in range, about 2.6 km in height);

Sampling height was set to 600 ps after each transmitted pulse, and 16 subsequent samples were taken in
order to cover the height range from about 80 to 120 km; and

7. Data rate was set to one power spectrum of 512 points per 12s.

S e o

This experiment ran from 2001 to 2009 and 234 magnetically quiet days (Kp <3") where selected for the
present analysis. The electric field values were calculated at the four different radar range heights around
the EEJ center: from 101.3 to 103.9 km, centered at 102.5 km; from 103.9 to 106.5 km, centered at 105.1 km;
from 106.5 to 109.1 km, centered at 107.7 km, and from 109.1 to 111.7 km, centered at 110.3 km. These
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specific altitudes are derived from the radar general features and operations mode used for the getting
the data set.

2.2. The Electric Field Computing From the RESCO Radar Data

A spectral decomposition technique was applied to every single spectrum, assuming that the experimental
spectra can be decomposed in many Gaussians as stated by Cohen [1973]. In the present study, it involved
fitting the sum of two Gaussians to the spectrum, which is described by an “S” distribution in function of
the frequency, given by equation (1).

LA (f — for)? 2 oxp|— (f — fp2)?
o1V21 201 o2V/21 20,

where Py, P1.5, 01,2, and fp( ) are, respectively, the noise level power, the spectral power, the spectral power
width, and the Doppler frequency, and the subscript indicates the type of the EEJ irregularity being
considered: type 1 or type 2. The maximum likelihood estimate (MLE) has been then used for nonlinear
fitting of the seven parameters of each power spectrum, a={P,, o4, fp1, P2, 62, fp2, Py} in which the fitting
method is based on finding the parameters that maximize the probability function P (y; ...ys12]|a) of
obtaining the data set y={y; ... ys12} [Bard, 1974; Press et al., 1992]. The fitted curves with spectral power
density smaller than 5% of the maximum spectral power density for the whole day are discarded to avoid
eventual bad fitting related problems, usually less than 4.4% of the fitted, depending to the signal-to-noise
ratio (SNR) of the echoes collected in each specific day. Those remaining fitted curves have uncertainty
from 0.92 up to 5.06% (2.42% in average) for the Doppler velocity determination of the irregularity type 2,
depending on (a) the SNR of the echoes collected in each specific day, (b) the number of incoherent
power spectra integration, and (c) the simultaneously detection (or no) of the irregularity type 1 in the
radio signal. Thereafter, the Doppler frequencies were converted into the Doppler velocities taking into
account the radar operating frequency and the speed of light, based on the phase deviation of the
received signal. The Doppler velocities from the irregularities type 2 (Vp,) obtained from the selected quiet
days were 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 [Balsley, 1969; Cohen, 1973; Hanuise and Crochet, 1978], which relates with its driving
electric field as per equation (2).

S(f) + Py M

+

1T Vor(1 4w, 82

£ = Gn (o) H @)

where wo = ve - vi/Qe - Q; (at zero aspect angle), Q. is the gyrofrequency, v, is the collision frequency, and 8 is
the zenith angle of the radar beam. The subscript “e” and “i” indicates the electron and ion terms, respectively.
After obtaining E,, we used the conductivity model to calculate the Hall (1,) and Pedersen (op) conductivities
along the magnetic meridian overhead the RESCO radar site with grid resolution of 1km in both up-down
and magnetic north-south directions. Thereafter, we used the magnetic field model to obtain the field line
coordinates, as described in Denardini [2007], and the E, are derived as follows:

+0
.IfHO-P r-do ZP '

Ey: 7'E12>Ey:

= s E 3)
J:”(IH r-do

2.3. Discussion About the Models Effecting the Electric Field Computation

In order to provide the physical plasma parameter (e.g., collision frequencies, cyclotron frequency, densities,
and conductivities) and the geomagnetic field at the E region height to allow the computations of the zonal
component of the electric field, a magnetic field-aligned-integrated conductivity model was developed for
proving the conductivities using the IRI-2007, the MSIS-2000, and the IGRF-11 models as input parameters for
ionosphere, neutral atmosphere, and Earth magnetic field, respectively. This model was originally developed
by Denardini [2007], and several other updates have being applied since then, like the ion-neutron collision
frequencies of all the species to be combined through the momentum transfer collision frequency equation.
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Table 1. Error Estimating the £, and E;, With Artificial 10% Error Simultaneously Introduced to the Outputs From the
MSIS-2000, IGRF-11, and IRI-2007 Models for Four Range Heights

Altitude (km)

8, (%)

S, (%)

Models — 10%

Models + 10%

Models — 10%

Models + 10%

110.3 —04.79 +05.37 —-11.10 +11.48
107.7 —08.71 +09.99 —13.01 +14.05
105.1 —15.72 +18.80 —17.06 +19.49
102.5 —22.00 +27.30 —20.38 +23.96
|Error| 12.81 15.37 15.39 17.25

Due to the quantity of variables involved in such computations, we have investigated the magnitude of the
error for computing the E, that may arise from eventual errors coming from the model inputs. The analysis
constituted of artificially increasing/decreasing the magnitude of the model outputs by 10% and evaluating
the impact on the E,. The effects were investigated considering the artificially increasing/decreasing the
magnitude of each model outputs separately and cumulatively. The variations were referred to the
reference value of the electric field obtained without any change in quantities provided by the models.
This study may offer substantial discussion in itself, and therefore, its results are not presented or discussed
here. We would only mentioned that the main results obtained from the analysis of the MSIS-2000 model
can be responsible for the highest percentage of uncertainty when deriving the electric fields, followed by
IGRF-11 and IRI-2007 models. However, we present some finding from the above analysis concerning the
present work, considering that all models are introducing an error of 10% in a cumulative way only. Table 1
summarizes the results of our findings for the E, and E,, at the four different radar range heights where we
calculated the electric field.

From this analysis, we observe that E, may have an error of 27.30% in relation to the reference date and
the E, component of 23.96%, both in the lower region of EEJ. It should be noted that all these errors are
much smaller (at least twice) than the uncertainty associated with the Doppler velocity measurements
from the RESCO radar mentioned in the previous section (2.42% in average). Also, smaller errors are
concentrated in the upper portion of the EEJ. In terms of cause-effect relationship, a 10% reduction
(increase) in quantities provided by the models reduces (increases) both E, and E, in all range heights.
These features are easily identified in the graphs in Figure 1. The black curves (dots) represent the refer-
ence E, (left) and E, (right) profiles obtained without any change in quantities provided by the models.
The dashed curves (triangles) represent the same profiles obtained with reducing the quantities pro-
vided by the models, while the dash-dotted curves (squares) represent the same profiles obtained with
increasing these quantities. The error bars provide the experimental variations of the component
between 8 h and 18 h (LT).

The influence of empirical models IRI-2007, MSIS-2000, and IGRF-11 is therefore a concern that must be taken
into consideration while evaluating our results. Indeed, Alken and Maus [2010] performed similar model
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Figure 1. Vertical profile of the E, and E, using the model output (dots), including the error bars associated with measurements,
same profiles with artificial reduction of 10% (triangles) in the models (MSIS-2000, IGRF-11, and IRI-2007) outputs, and same
profiles with artificial addition of 10% (squares) to the models outputs.
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Figure 2. Diurnal variation of the £, and E; for high (red dots), average (black squares), and low (blue triangles) solar activities.

impact studies when deriving E, from the CHAMP satellite using IRI-2007 and the MSIS-2000 for obtaining the
conductivities. They investigated the impact on E, of increasing and decreasing the electron temperature,
electron density, collision frequencies, and neutral densities in the models and found IRI-2007 model to
be the main source of uncertainty. Bilitza and Reinisch [2008], Picone et al. [2002], and Finlay et al. [2010]
did not describe or comment about any potential errors associated with IRI-2007, MSIS-2000, and IGRF-11
models although.

In summary, despite we have made an extensive search in the published uncertainties related to the models
used in this study, we were only able to find the study published by Abdu et al. [2004], which pointed out that
the IRl model underestimates the E region peak density in the Brazilian sector (see, for example, Figure 4 in
their work). However, once we have no knowledge of other empirical models available for the Brazilian
sector, we assume that their results are the best information available, but the discussion provided in this
section shall be kept in mind when evaluating our results.

3. Results and Discussion

The mean diurnal variation of the £, and E, (geomagnetic quiet days only) with no interference in quantities
provided by the input models was then classified according to the F;q 5. They are considered to be acquired
during high solar activity when the radar soundings were performed at F,o; greater than or equal to 150.
These electric fields are considered to be computed for average solar activity when the radar soundings were
performed at Fyo; between 100 and 150. Finally, the obtained values are considered to be computed for
low solar activity, when the radar soundings were carried out at F;q; less than or equal to 100. After the
classification, we performed the sample mean and standard deviations for all the £, and E, (per range height)
available for the Brazilian sector over this period of study.

The results of the diurnal variations of the E, and E, per range height are shown in Figure 2, for the three solar
flux conditions considered in the present analysis. The red dots represent the diurnal variations of the E,, (left)
and E; (right) obtained for the high solar activity for the four range heights of the radar soundings. The black
squares represent the same diurnal variation obtained for average solar activity, while the blue triangles
represent the diurnal variability during low solar activity.

Considering E, only, we are not able to clearly identify the influence of the solar activity in its diurnal variation,
independent of the height, except at 110.3km at high solar activity when we have considerable data
dispersions. These graphs showed that E, ranges from 0.19 to 0.35 mV/m between the 8 and 18 h (LT) in
the Brazilian sector and seems to have a small dependency with the solar activity. In regard to the E,, it
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Figure 3. Vertical profiles of the (left) E, and (right) E, estimate during low (triangles with dashed lines), average (dots with
solid line), and high (squares with dash-dotted lines) solar activity level based on the Fyq 7 solar flux.

is notable that it is more intense during high solar flux, especially in the morning hours from 9 and 13 h (LT)
over all range heights. The E, ranges from 4.65 to 10.12 mV/m and offers a more pronounced dependency
as observed.

In order to investigate further the height dependence of the electric field with solar activity, we calculated the
daily average E, and daily average E,, and their standard deviations. These average values presented in the
vertical profiles shown in Figure 3, and the precise values are listed in Table 2.

Analyzing these average results, we observe a positive gradient of E, with height for low and average solar
activity. During high solar activity we identify higher values of E, at lower altitudes (102 km). Also, the higher
E, (0.27 mV/m) is found during average solar activity in the upper range height (110 km), while the lower E,
(0.19 mV/m) is found low average solar activity in the lower range height (102 km). With regard to the
gradient of E,, we identified a negative gradient irrespective of the solar activity. However, there is a directly
proportional dependence of the E, with the solar activity, i.e., the higher the solar activity, the higher the Ez, in
all the range heights. Further, we identify that as the F,( increases, the E, increases at the lower portion of
EEJ (below 105-107 km) and decreases in the upper portion (above 107 km).

At this point, it is important to stress that F,o; does not actually interact with the Earth’s atmosphere.
However, Fyo is considered to be a good generalized solar proxy for EUV irradiances which ionizes it.
Bruevich et al. [2014] stated that it is originated in the cool corona, a solar region that is closely coupled with
magnetic structures responsible for creating the XUV-EUV irradiances. Also, F;o; depends on few processes.
Therefore, it is reasonable to assume that EUV solar flux varies with F;q5 [Chatterjee and Das, 1995]. The EUV spec-
tra from 800 and 1027 A absolved by the molecular oxygen to form O™, while the EUV with wavelength between
1027 and 1118 A is responsible for the ionization of the minor constituents as well as for driving the molecular oxy-
gen to the exited state 02(1Ag). Therefore, there is greater availability of ionizing radiation to the extent that the
F107 solar flux increases, and the more the ionizing radiation, the greater the electron density.

Table 2. Daily Average of Ey (mV/m) and E; (mV/m) Per Radar Range Height and Solar Activity Level, Including the
Corresponding Standard Deviation

F10.7 Solar Flux (sfu) Height (km) (Ey) = (SD) (E;) + (SD)
High (F10.7>150) 1103 0.25+0.04 6.58+1.23
107.7 0.22+0.03 7.29+0.94
105.1 0.21+0.02 8.76+1.20
102.5 0.23+0.03 10.12+1.30
Average (100 < F0.7 < 150) 1103 0.27+0.12 6.29 +2.04
107.7 0.22+0.07 6.50 +1.60
105.1 0.20+0.05 747 +1.72
102.5 0.20£0.05 7.81£1.87
Low (F197 <100) 1103 0.26+0.12 470+2.13
107.7 0.20+0.06 4.65+1.26
105.1 0.20+0.05 6.28 +1.46
102.5 0.19+0.04 7.24+1.82
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From our analysis on the models effecting the electric field computation, we identified that adding up 10% of
electron density in the IRI-2007 will lead to an increase of 2.86% in E, at 102.5 km height and reduces it in the
upper range heights (not shown here). Accordingly, the increase in the solar flux Fio7 causes an increase
ionization which leads to an increase of electron density that causes an increase in E, lower portion of EEJ
and reduces Ey at the top, which explains the results in Figure 2 and Table 2.

Finally, despite studies from Fejer [1991], Fejer et al. [1991], and Santos et al. [2013] that show evidence that
F107 flux represented solar activity affecting the vertical plasma drift at the F region during the prereversal
peak, we could not identify significant differences in the amplitude of the electrical field at the E region
range heights investigated, since the values lied on the average deviations range, which represent the diurnal
variability of the electric field components.

4. Summary and Conclusions

We were able to clearly identify an E, dependence on solar activity but could not find any for E,. E, is notably
more intense during periods of high solar flux over all altitude ranges, especially during morning hours
between 9 and 13 h (LT).

We observe a positive gradient of £, with height for low and average solar activity analyzing the daily average
E,, but not during high solar activity. The gradient of £, remained negative irrespective of solar activity, and a
proportional dependence of E, with solar activity is clearly observed, in all the range heights.

We also identify that the E, increases at the lower portion of EEJ (below 105-107 km) and decreases in the
upper portion (above 107 km) as the F;q 7 flux increases. A tentative explanation was presented in terms of
the increase in the F;q; solar flux causing an increase in ionization that then leads to an increase in electron
density. This causes an increase in E, in the lower portion of the EEJ and reduces E, at the top of the EEJ. This is
found through our IRI-2007 analysis of the electric field computation.

In conclusion, the zonal electric field, which normally ranged from 0.19 to 0.35 mV/m between 8 and 18 h (LT)
in the Brazilian sector, presented a small dependency with the solar activity. The vertical electric field, which
normally ranges from 4.65 to 10.12 mV/m, presented a more pronounced dependency although. But we see
no appreciable dependence in the amplitude of the electrical field at the E region range heights investigated
since the values lied on the average deviations range.
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