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[1] Data from the Low-Latitude lonospheric Sensor Network are used to examine
ionospheric electrodynamics during quiet, low solar conditions from September to
November 2009. The ground-based magnetometers and the Jicamarca Vertical
Incidence Pulsed Ionospheric Radar ionosonde in the Peruvian Sector are used to identify
the neutral winds and plasma drifts that control the large-scale plasma structure of the
ionosphere. It is observed that the solar- and lunar-driven semidiurnal tides have a
significant influence on the background electrodynamics during this period of extreme
solar minimum. The lunar tidal influence of the ionosphere electrodynamics is a large
component of the variation of the vertical drift during the geophysically quiet study period.
A significant portion, though not all, of the variation through the lunar month can be

attributed to the lunar semidiurnal tide.
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1. Introduction

[2] The E region tidal neutral atmosphere motion and
F region neutral winds drive ionospheric currents and gen-
erate electric fields in the ionosphere. The ground-based
magnetometers measure the magnetic field deviations created
by the Solar Quiet (SQ) current system as well as the equa-
torial electrojet (EEJ) currents in the ionosphere. The EEJ at
the Earth’s magnetic dip equator has a strong zonal current
during the daytime. The zonal current within the EEJ is
directly related to the zonal electric field and the vertical
plasma drift, which is a primary driver of the low-latitude
ionosphere. The general physics of the electrodynamics
interaction of the neutral atmosphere, the magnetic field, and
the ionosphere is generally understood and global models are
beginning to approach good representations of average con-
ditions [Richmond et al., 1976; Fesen et al., 1991a, 1991b;
Haerendel and Eccles, 1992; Crain et al., 1993; Eccles, 1998;
Millward et al., 2001]. However, the weather variation of the
upper atmosphere and ionosphere is still not well modeled or
even well understood [Forbes et al., 2000]. The large-scale
structure of the low-latitude ionosphere depends in a large
part on two parameters: vertical E x B plasma drift and the
meridional neutral winds. Neither of the two parameters can
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be adequately represented by empirical models when study-
ing intraseasonal variability.

[3] This paper identifies a portion of the day-to-day
weather variability as a potentially well-modeled variability
related to the lunar neutral tides. Lunar tides in the upper
atmosphere have been indirectly observed in magnetometer
data for a number of decades [Chapman and Bartels, 1940].
Bartels and Johnston [1940a, 1940b], Tarpley and Balsley
[1972], and we use the magnetometer placed at the Huan-
cayo Geomagnetic Observatory (HUA, —12.04N, —75.82E) in
Peru, which is very nearly under the EEJ. The deviation in the
horizontal component (AH) is associated with neutral wind
driven currents in the ionosphere. Magnetometers under the
EEJ measure large H deviations during daytime associated
with the zonal electric field and the electrojet Cowling effect
[Richmond, 1973]. Lunar tidal modulation of the neutral wind
dynamo and ionospheric electric fields become evident in the
equatorial F region [Bernhardt et al., 1976]. The TIECGM
model has been used to examine the lunar tides in the low-
latitude electric fields [Stening et al., 1999]. Stening and Fejer
[2001] examine the vertical drift data from Jicamarca radar for
evidence of lunar tides. They fit data to a solar diurnal tide, a
solar semidiurnal tide, and a lunar semidiurnal tide. They
determine the lunar tide phase and magnitude over several
months of data for daytime and separately for nighttime. They
find a 2 to 3 m/s amplitude of modulation in the vertical plasma
drift due to the lunar tides.

[4] In this paper we combine the Huancayo magnetometer
data, Jicamarca ionosonde data, and a model of the iono-
sphere electrodynamics to demonstrate the large modulation
of the vertical plasma drift during the very low solar mini-
mum period of 1 September to 31 October 2009. These data
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Figure 1. Two ionograms from the Jicamarca Vertical Incidence Pulsed Ionospheric Radar (VIPIR) ana-
lyzed by Expert System for Ionogram Reduction (ESIR): 9 October 2009 at (left) 19:22 UT and (right)
01:07 UT. For the 01:07 UT ionogram, ESIR finds no ionogram traces and provides no electron density

profile.

are obtained as part of the Low-Latitude Ionospheric Sensor
Network (LISN). We conclude that the lunar tidal influence is
an important and predictable component of low-latitude ion-
osphere variability during low solar activity. The identification
of a well-defined variation of the neutral wind field, zonal
electric field, and vertical plasma drift related to lunar tides will
provide better model drivers and reduce the unknown portions
of the day-to-day weather in the low-latitude ionospheric
drivers. Section 2 presents the ionosonde and magnetometer
data from the Low-Latitude Ionospheric Sensor Network
(LISN). Section 3 presents the models used to provide speci-
fications of the low-latitude neutral winds, electrodynamics,
and ionosphere structure with monthly average climatology
comparisons. Section 4 examines the variability of the low-
latitude system related to the lunar component of the neutral
wind dynamo. Section 5 summarizes the paper.

2. LISN Observations

[5] The Low-Latitude Ionospheric Sensor Network (LISN)
provides a multiple-point and multiple-instrument-type set of

observations for the eventual definition of the low-latitude
ionospheric weather in the South American Sector. For this
paper, we examine the data from the Vertical Incidence
Pulsed Tonospheric Radar (VIPIR) placed at the Jicamarca
Radar Observatory (11.95°S, 76.87°W) and the ground-
based magnetometer at the Huancayo Magnetic Observatory
(12.04°S, 73.82°W). The time variation of the data from these
two instruments has direct implications for the entire mag-
netic meridian because they represent observational insights
into the electrodynamics of that meridian.

[6] The VIPIR instrument is a versatile HF instrument
designed and manufactured by Scion Associates [Grubb et al.,
2008; Bullett et al., 2010]. The LISN science team requested
that the LISN VIPIR be operated in a manner that produced
traditional ionogram observations of the ionosphere electron
density profile. These ionograms have been analyzed with the
Expert System for lonogram Reduction (ESIR) software
package developed by Space Environment Corporation [Rice
et al., 2009]. The ESIR analysis software is independent of
the ionosonde hardware. ESIR uses a patented pattern recog-
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Figure 2. Peak frequency of the F, peak for each local time
day from 1 September 2009 (day 244) to 1 November 2009
(day 305). The black regions represent either no data (days
247-249) or no f,F, value obtained in the ESIR analysis.

nition technology [Sojka et al., 2009] and an additional anal-
ysis step to ensure the robustness of the eventual electron profile
and profile parameters. Figure 1 provides two ionograms from
the Jicamarca VIPIR on 9 October 2009 at 19:22 UT and
01:07 UT. The ESIR software identified £, F'1, and F2 layer
traces in the ionogram of Figure 1 (left). A virtual height
frequency profile is created; then the ESIR software uses the
POLAN ionogram analysis program [Titheridge, 1985] to
obtain a true height frequency profile (Figure 1, left, black
line) and an electron density profile. The ionogram of Figure 1
(right) suffers from significant backscatter from irregularities
in the F region ionosphere. The ESIR software analyzes this
ionogram but determines that it cannot identify the iono-
sphere trace with certainty. The VIPIR data from 1 September
to 31 October 2009 are the first test for the ESIR software for
low-latitude ionosphere observations. Figure 2 presents the
f.F> values obtained from the automated ionogram analysis.
The black space in the color plot represents periods of no data
(mostly days 247-249) or periods where the ESIR software
did not identify proper ionogram traces and hence no iono-
gram scaling was created. The daytime ionograms generally
had clear traces and the f,,F, values are reliably obtained just
prior to local sunrise at the Earth’s surface. During the
nighttime hours the ionograms suffered severe equatorial
spread F' (ESF) signatures, and often no ionogram trace could
be found by the ESIR software. Even on visual inspection
many of the nighttime ionograms had no definable F, trace.
As seen in Figure 2, conditions made the nighttime ionograms
difficult to analyze.

[7] The daytime f,F, values through September and
October 2009 of Figure 2 are modulated in regular patterns
of increased and decreased f,F,. This modulation is most
likely due to lunar semidiurnal atmospheric tidal effects on
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the zonal electric field (vertical plasma drift) as studied
previously by Bernhardt et al. [1976] and Stening and Fejer
[2001]. Higher values of upward vertical drift at local noon
decreases the peak density (f,F, value). The morning var-
iation indicates that the morning rise in the vertical drift is
strongly modulated by the lunar semidiurnal tide.

[8] We also present the H component from the magne-
tometer near Jicamarca at Huancayo Observatory near the
magnetic dip equator in Figure 3. The magnetometer at
Jicamarca shows similar results, but the data are not as clean
as the Huancayo magnetometer. Figure 3 plots the horizontal
component with the secular variation subtracted (AH = H —
Hgy) in the same format as Figure 2. The quiet day variation of
the horizontal deflection is due mostly to the magnitude of the
zonal EEJ current. The lunar variation in the EEJ current in
the Peruvian Sector was also reported by Tarpley and Balsley
[1972]. They identify seasonal variations in the lunar varia-
tions. We do not present a long enough period to investigate
the seasonal differences. The strength of the noontime AH
deflection varies approximately with a 14.75 day period
associated with semidiurnal lunar tides. The EEJ zonal cur-
rent is closely related to the zonal electric field and the E x B
vertical plasma drift and, thus, related to the peak density of
the ionosphere above the EEJ, and the equatorial electron
density distribution of this meridian [Rush and Richmond,
1973].

[v] The noontime variations in the f,F, values and AH are
placed in line plots in Figure 4 for the 2 month period. The f,F>
and AH values plotted are averages of the hours near noon
(10:00 LT to 13:00 LT). The lunar tide remains a coherent
feature from mid-September through the end of October. The
lunar modulation shows opposite correlation in these two
observables as expected. Dashed sine curves with 14.75 day

Huancayo AH (nT)
100

day of 2009

0 3 6 9 12 15
LT (hour)

18 21 24

Figure 3. The magnitude of the quiet day variation of the
horizontal component (AH) of the Huancayo Observatory
magnetometer. The EEJ zonal current is closely related to
the AH variation and the zonal electric field.
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Figure 4. Noon analysis of VIPIR f,F> and Huancayo AH values. (top) The noontime f,F, variation
(solid line) with a 14.75 day sine wave (dashed line). (middle) The noontime AH values (solid line) with
a 14.75 day sine wave (dashed line). (bottom) The geophysical indices KpSum (histogram) and F 7

(dashed line).

periods and a 180° phase difference in Figure 4 (top and
middle) are used to demonstrate the expected semidiurnal lunar
tidal influence. The solar EUV and geomagnetic indices are
also plotted to demonstrate that there is no correlation to solar
or geomagnetic conditions. Both Fq 7 and KpSum indices are
low during this period. Differences from the pure sinusoidal
response of the ionosphere to the lunar influence perhaps
indicate influences from tropospheric weather patterns and/or
complex responses to high-latitude energy inputs.

3. Modeling the EEJ Current and F Region
Response

[10] We combine ionospheric models of electric fields,
electric currents, and electron densities to examine the self-
consistent response of electrodynamics and the ionosphere
to the lunar tide modulation of the solar-driven neutral wind
field. The ionosphere model used is the Low-Latitude Ion-
osphere Sector (LLIONS) model. It is a direct descendent of
the LowLat ionosphere model of Anderson [1981]. The
LLIONS model solves for ionospheric ion (H', OF, NO*,
03) and electron densities along dipole magnetic field lines
in a single magnetic meridian. The dipole magnetic field
lines are a best fit tilted-dipole definition to match the
International Geomagnetic Reference Field Model (IGRF) at
the dip equator in the longitude sector being modeled. The
LLIONS model uses empirical models to set up the ther-
mosphere, the vertical plasma drifts, and solar EUV drivers

of the ionosphere. These include the MSIS-90 atmosphere
[Hedin, 1991], the Horizontal Wind Model 2007 (HWMO07)
[Drob et al., 2008], the Titheridge temperature model
[Titheridge, 1998], the Scherliess-Fejer vertical plasma drift
model [Scherliess and Fejer, 1999], and the ionization and
absorption model of Richards et al. [1994a, 1994b]. For the
day-to-day study of section 4, we have modified the LLIONS
model to use a calculated vertical plasma drift rather than the
Scherliess-Fejer model. The numerical solution of the ion and
electron densities takes into account photochemistry and
motion parallel and perpendicular to the magnetic field lines
using rates and constants consistent with the USU ionosphere
model [Schunk and Sojka, 1996].

[11] To compare the observed AH values of the Huancayo
magnetometer with the modeled electric field and iono-
sphere conditions, we calculate zonal current contained in
the EEJ using the EEJ model of Haerendel and Eccles
[1992]. In the model, field line integrated conductivities
and electrodynamics quantities are calculated using the
ionosphere electron density and the thermosphere neutral
density; then the zonal electric field in the model is used to
calculate the current within the EEJ. For this initial clima-
tological study we use the Scherliess-Fejer vertical plasma
drift model to generate the zonal electric field (E X B) to
drive the EEJ region. This zonal EEJ current should be nearly
proportional to a modeled AH. Figure 5 plots the 2 month
average of the observed AH and a modeled AH component.
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Figure 5. The average quiet day variation of A of the Huancayo Observatory magnetometer. The error
bars indicate the standard deviation of the variation from the average value through the observation
period. The dashed line plots the modeled deflection of H associated with the zonal EEJ current system.

In Figure 5, the zonal electric field is determined from
the Scherliess-Fejer vertical drift model and the local value
of the magnetic field. This climatological electric field gen-
erates a AH signature that is nearly identical to the average
AH over the observations period. This demonstrates that
a climatological monthly averaged electric field (vertical
plasma drift) combined with climatologically driven ion-
osphere reproduces the monthly averaged EEJ current
system.

[12] Figure 6 plots the average of the observed f,F, for the
2 month period. The gray solid line again plots the modeled
foF> for the ionosphere using the climatological drivers.
There is a difference between the averaged observations and
the climatological model result even though the EEJ com-
parison in Figure 5 was the same. The difference is best
explained by the complicated relationship of the peak den-
sity to vertical plasma drifts at the dip equator whereas the
magnetic deflection is proportional to the current in the EEJ

which is linearly related to the zonal electric field times the
conductance.

[13] We have compared the average of the daily AH
values with the 2 month average AH values of Figure 5, and
we observe that the average quiet day AH variation only
occasionally matches any one of the individual days. For
this period, the average trend does not represent any of the
individual days. The variation through the 2 month period
must be examined in a day-by-day analysis. Section 4
focuses on trying to identify the lunar tide associated with
these observed day-to-day variations.

4. Modeling the Effect of the Lunar Tides

[14] We calculate the perpendicular electric fields using the
Simple Electric Field (SEF) model of Eccles [1998] for the
E x B motion within the LLIONS model for the Peruvian
Sector. The SEF model uses the ionosphere electron densities
of LLIONS, the neutral density of MSIS90, and the neutral
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Figure 6. The average f,F, values in local time over the observation period 1 September to 1 November
2009 (black line with error bars). Error bars represent the standard deviation of the weather variation
through the month. The solid gray line is the climatological calculation of the f,F, using Scherliess
and Fejer [1999] vertical plasma drifts. The dashed gray line plots the number of days used for the

average value.
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Table 1. £ Region Tides in Model

Tide Hough Mode A (m/s) ¢ (h) A (km)
Solar diurnal (1, -2) 130 20 0
Solar semidiurnal 2,2) 65 05 83
Lunar semidiurnal 2,2 65 23 83

wind field used within LLIONS to calculate the field line
integrated electrodynamics quantities, which are combined to
calculate directly the vertical and zonal electric fields and the
resulting E x B plasma drifts [see Eccles, 1998]. The LLIONS
ionosphere uses the calculated vertical drift at each 5 min time
step to move the ionosphere solution forward 5 min in an
explicit step. The thermospheric neutral wind field is gener-
ated for the £ and F region altitudes ranges (100—150 km and
200-1000 km, respectively) using different models. The neu-
tral winds in the F'region altitudes (250 km up) were prescribed
by the 2007 Horizontal Wind Model [Drob et al., 2008]. The
E region neutral winds (100200 km) were prescribed by
diurnal and semidiurnal tidal winds. The F altitude range is a
linear blend of the winds in these two ionosphere regions. For
F region altitudes we have created a zonal wind pattern that
reproduces the zonal drifts for Jicamarca at solar minimum
reported by Fejer et al. [1985]. Additionally, we have found
that the F' region meridional winds in the low latitudes are
essentially the same as the F region tidal meridional winds.
This is understandable because only the zonal winds suffer
from strong ion drag due to magnetic perpendicularity. For
E region altitudes (150 km down) we use tidal modes in super-
position. We include a solar diurnal mode (1,-2) (or (1,—1) in
the work of Tarpley [1970a, 1970b]) and two semidiurnal
modes (2,2), one solar and one lunar. Other tidal modes may
be important, but we can approximately model the observa-
tions with these three tides. The solar diurnal tide is calculated
by

. t+ 9"
uf = A7 sm(27r( —‘;f )>, (1a)
t 12
u}EZ:A};sin(zn( Zf )+g), (1b)

where ug and uy are the southward and eastward winds,
respectively, the 4s are the magnitudes of the (1,-2) Hough
functions for the southward and eastward winds, # is the solar
local time, and '? is the tidal phase for the solar (1,—2) mode.
The solar semidiurnal tides are calculated by

(2t + ¢%) z

uéz = Aéz sin (27['T + 271')\—) B (23.)
22
. (2t + ¢*) z
u¥ = A% sin (ZTT + 27r>\—22 + 5 ) (2b)

The (2,2) mode changes phase with altitude with a wave-
length defined by \,,. The wavelength is approximately
85 km near the peak of conductivity in the E region. The
lunar semidiurnal tide is calculated similarly, but a lunar age,
v, is incorporated into the formula, where lunar age indicates

ECCLES ET AL.: LUNAR TIDES IN THE EQUATORIAL IONOSPHERE

A07309

the hour difference of the moon from the current solar local
time, ¢

2 — 2w+ -2
L2 — 4E2in <zﬂw N zﬁi) (3a)
24 A
. (2t — 2v + ¢t 22) z 7
uéZZ :Aé22 5111(27'(T+27r/\—22+§ . (3b)

[15] We experimented with magnitudes and phases of the
tides in our model using the following constraints. First, we
assumed that the two semidiurnal tides, solar and lunar, are
similar in magnitude as they arise primarily from similar
forcings of gravitational and ocean surface modulation
[Chapman and Lindzen, 1970; Sawada, 1965]. Second, the
magnitude and phase of the solar diurnal tide and both
semidiurnal tides are held constant through the 2 month
period. These three tides will superimpose constructively and
destructively through the lunar month. The best fit specifi-
cations of these three tides was determined using many model
runs and comparing model calculations with observations of
the magnetometer and peak density at local noon (Figure 4).
Table 1 lists the best specifications for these three tides. The
magnitude of the solar diurnal tide is 130 m/s, about 1/2 of its
magnitude during solar maximum, and the phase angle is set
at 20:00 LT. The solar and lunar semidiurnal tide magnitudes
are 65 m/s. The altitude wavelength, ), varies with the atmo-
sphere thermal structure. At the Pederson conductivity peak
(z = 125 km) for the (2,2) mode, we assume A = 84 km
[Tarpley, 1970a]. The results using the Simple Electric
Field (SEF) model and the LLIONS ionosphere model for the
2 month period using the above wind and tides definitions are
shown in Figure 7 (left). Figure 7 (right) presents the LLIONS
results using the Scherliess and Fejer [1999] vertical drift
model. The LLIONS/SEF model results have the same
character in magnitudes and variations of AH and f,F,
observations (Figures 2 and 3). Including the lunar tide effect
with solar-driven winds in electrodynamics modulates the
otherwise very static seasonal trends when using only solar
tides. The inclusion of lunar tides provides a calculable space
weather variation of the low-latitude ionosphere.

[16] Stening and Fejer [2001] reported 2 to 3 m/s lunar tide
effects in the vertical plasma drift during solar medium con-
ditions. This modeling study during solar minimum produces
a 7 m/s lunar tide modulation at noon supporting earlier
modeling studies that semidiurnal tides are more prominent
during solar minimum conditions [Fesen et al., 1991Db].
Indeed, Tarpley [1970a] used a lunar semidiurnal tide
amplitude of 7.5 m/s to model observed lunar modulation of
Solar Quiet current patterns during solar medium conditions.

[17] Fesen et al. [1991b] also demonstrates a Kp influence
of the semidiurnal tides in phase and magnitude, though the
influence is weaker at lower latitudes. Deviations between the
model and the observations may demonstrate some correla-
tion with elevated Kp (Figure 4), but the correlation is weak.

5. Conclusion

[18] The first analysis of the LISN VIPIR observations
revealed a clear 14.75 day modulation in the F, peak (f,F5).
The same 14.75 day modulation is also apparent in the
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Figure 7. Model results using (left) the Low-Latitude Ionosphere Sector (LLIONS) model and the Sim-
ple Electric Field model and (right) LLIONS and the Scherliess and Fejer [1999] vertical drift model.

Plots of (top) f,F> and (bottom) AH of the EEJ.

Huancayo magnetometer observations under the EEJ. We
proposed the obvious, that the modulation is driven by a
lunar semidiurnal tide. We modeled the low-latitude iono-
sphere of the Peruvian Sector using a physics-based iono-
sphere model, tidal neutral wind modes, low-latitude electric
field calculation, and an EEJ current model to demonstrated
that the lunar and solar semidiurnal tides dominate the daily
magnitude of the zonal electric field, which drives the zonal
EEJ current and the F region vertical plasma drift. The lunar
tide accounted for a significant portion of the day-to-day
variability that is not described by the Scherliess and Fejer
plasma drift model, which provides excellent average drifts
but no lunar component.

[19] The day-to-day variability in both the AH and f,F,
observations was modeled by LLIONS using a revised neu-
tral wind model consisting of six terms describing tides (see
equations (1)—(3)). The coefficients of these tidal modes for
the Jicamarca meridian are summarized in Table 1. These
amplitudes are different from prior studies, both theoretical
and observational. This we attribute to the extremely low
solar minimum conditions and the extended magnetically
quiet period of the September—October 2009 study interval.

[20] The solar diurnal tidal mode, which is driven by solar
energy deposition, was present in the data but its magnitude
was reduced during this period of extreme solar minimum in
comparison to periods of higher solar activity. An important
conclusion of this study is that a climatological model of the
equatorial vertical plasma drift (zonal electric field) can rea-

sonably include a lunar tidal component during geomagnet-
ically quiet periods. Including the lunar effects in the vertical
drift magnitude will reduce the variance between the model
and the observed ionosphere. The variability of the f,F, and
AH observations not described by the simple description of
the solar and lunar tides appears to have some relationship
with days of elevated Kp though there may be tropospheric
phenomena driven modulations as well. Carefully identifying
the solar and lunar tides will help identify the remaining
drivers of low-latitude ionospheric weather.
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