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Abstract

The effect of eastward zonal wind speed (EZWS) on vertical drift velocity (ExB drift) that mainly
controls the equatorial ionospheric irregularities has been explained theoretically and through
numerical models. However, its effect on the seasonal and longitudinal variations of ExB and the
accompanying irregularities has not yet been investigated experimentally due to lack of F-layer
wind speed measurements. Observations of EZWS from GOCE and ion density and ExB from
C/NOFS satellites for years 2011 and 2012 during quite times are used in this study. Monthly and
longitudinal variations of the irregularity occurrence, ExB, and EZWS show similar patterns. We
find at most 50.85% of longitudinal variation of ExB can be explained by the longitudinal
variability of EZWS only. When the EZWS exceeds 150 m/s, the longitudinal variation of EZWS,
geomagnetic field strength, and Pedersen conductivity explain 56.40-69.20% of the longitudinal
variation of ExB. In Atlantic, Africa, and Indian sectors, from 42.63% to 79.80% of the monthly
variations of the ExB can be explained by the monthly variations of EZWS only. It is found also
that EZWS and ExB may be linearly correlated during Fall equinox and December solstice. The
peak occurrence of irregularity in the Atlantic sector during November and December is due to the

combined effect of large wind speed, solar terminator-geomagnetic field alignment, and small
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geomagnetic field strength and Pedersen conductivity. Moreover, during June solstices small EZWS
corresponds to vertically downward ExB which suggests that other factors dominate the ExB drift
rather than the EZWS during these periods.
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1. Background of the study

The equatorial ionosphere exhibits unique features such as Equatorial lonization Anomaly
(EIA), Equatorial Spread F (ESF) and Equatorial Plasma Bubbles (EPB), among others. ESF is the
generic name given to irregularities of the equatorial ionospheric electron density in the post-sunset
period (Booker and Walls, 1938). Post-sunset enhancement of zonal electric field at the magnetic
equator, usually called the Pre-reversal enhancement (PRE), is the main factor for the generation of
ESF (Farley et al., 1986; Fejer et al., 1979, 1999). The evening time equatorial ionosphere is
uplifted to a higher altitude through the enhancement of ExB vertical drift velocity, while the lower
part is being decayed due to recombination (Anderson and Haerendel, 1979). This may create a
situation that the Rayleigh-Taylor Instability (RTI) mechanism facilitates the growth of local
perturbations in the bottom-side of the F-layer that evolves into ESF (Ott, 1978; Sultan 1996).

The seasonal and longitudinal variations of ESF have been studied using models and
experimental data. The seasonal maximum occurrence of irregularities, in a given longitude, is
found to correlate well with the times of the year when the solar terminator and geomagnetic field
lines become nearly parallel (Tsunoda, 1985). Near the solar terminator the Earth’s ionosphere
crosses into the dark side of the Earth while the E region conductivity decays that causes the
enhancement of the downward electric field and the F region ionosphere drifts strongly eastward.
Ultimately, the increase in downward electric field creates a corresponding enhanced eastward
electric field and upward drift of plasma. The rate of the decay of field-line conductivity of the
ionosphere at the E region north and south of the dip equator is determined by the alignment or mis-
alignment of the magnetic meridian and the solar terminator. When the two conjugate E regions

cross the solar terminator simultaneously, there is a rapid increase in the downward directed E field
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causing a larger PRE magnitude. When the two conjugate E regions cross the solar terminator at
different times, the increase in the downward directed E field is slower, which limits the PRE
magnitude (Rishibeth, 1971; Eccles et al., 2015). The growth rate of irregularity and vertical drift
velocity have direct relation. In addition, the vertical drift velocity is inversely related to the
geomagnetic field strength; indicating that as the geomagnetic field strength decreases the vertical
drift velocity increases (Ren et al., 2009). This implies that the solar terminator and geomagnetic
field alignment and low equatorial geomagnetic field strength can enhance the growth rate of
irregularities. However, there is no clear explanation for the maximum occurrence of irregularities
that appear during June Solstice (in Africa) apart from speculation by Tsunoda, (2010); he/she
proposed that within the inter-tropical convergence zone (ITCZ) near the geomagnetic dip equator
due to mesoscale convective system in the troposphere, atmospheric gravity waves can be generated
and propagate upward and dissipate energy that in turn creates seed perturbation that together with
RTI-growth rate could produce the observed ionosphere irregularities in June solstices in Africa
sector. Similarly, quite a number of observational studies on the seasonal and longitudinal variations
of the ESF have been done using observations (Kil and Heelis 1998; Burke et al., 2004a; Burke et
al., 2004b; Huang et al. 2001, Hei et al., 2005; Su et al., 2006). Hei et al. (2005), using AE-E
satellite data, reported the maximum occurrence is observed in West Africa and the West Pacific.
They also show that peaks of irregularity occurrence in these regions migrate eastward from
February through October; in winter months (November, December, and January) the Pacific peak
disappears while the African peak is shifted to the west. Conversely, they observe year-round
minimal occurrence of irregularities in the West South America (240-300°E) and
Indonesia/Indochina (90-120°E) sectors. Similarly, other studies showed the highest and lowest
occurrence of irregularities in the Atlantic-Africa and India-Pacific sectors, respectively (Burke et
al. 2004a, 2004b; Kil and Heelis, 1998; Huang et al., 2001). In addition, Su et al. (2006), using
ROCSAT (Republic of China Satellite) observations, showed that the highest occurrence of
irregularities moved from around 0° in March equinox to 30°E in June solstices and then moved
back to 20°E in September and moved further to -30°E in December solstices. Longitudinal
variations of the occurrence of ESF have been explained by the longitudinal variations of different
factors such as PRE (or vertical drift velocity), equatorial geomagnetic field strength, magnetic

declination, and geographic locations of the dip equator (e.g., Burke et al., 2004a; Vichare and
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Richmond, 2005; Zhang et al., 2012). Huang and Hairston (2015) have shown that the high
occurrence of irregularities between 240 and 360°E longitudes during Equinox and December
solstices correlates with the large post-sunset vertically upward drift velocity; they also showed that
the low occurrence of irregularities correspond well with post-sunset small or downward drift
velocities around +60° longitude during June solstices. Su et al. (2006) also found high occurrence
of ESF for the regions with upward vertical drift velocity after sunset. The low occurrence of
irregularities in the India-Pacific sector is explained by the smaller vertical drift velocity due to
strong equatorial magnetic field strength in the region, which produces smaller growth rate of RTI
compared to other sectors (Huang et al., 2001; Burke et al., 2004a). The low occurrence of
irregularities in the eastern Pacific or West Coast of South America has been explained by the
reduction of RTI growth rate due to enhancement of E layer Pedersen conductance by precipitating
radiation belt particles (Burke, et al., 2004a, b). The highest occurrence of ESF between South
America and Atlantic sectors (-60 to 0°) is explained by the effect of strong growth rate of RTI due
to solar terminator-geomagnetic field line alignment and lower equatorial geomagnetic field
strength (Burke et al., 2004a; Su et al., 2006). The alignment between the solar terminator and
geomagnetic field lines enhances the longitudinal gradient of E-layer integrated Pedersen
conductivity that in turn increases the vertical drift velocity (Tsunoda, 1985) and growth rate of
irregularities. However, the solar-terminator-geomagnetic field alignment is unable to explain the
high occurrence of irregularities in the African sector during June solstices.

None of the above studies on ESF occurrence rates explore the relationship of longitudinal
variation of thermospheric zonal neutral winds in F region and the longitudinal variation of
occurrence of irregularities due to the lack of observations of zonal neutral wind speed in the post-
sunset period (Yizengaw et al., 2013). Theoretical investigations give more emphasis to the role of
thermospheric zonal neutral wind on the generation of PRE that mainly controls the generation of
irregularities (Farley et al., 1986; Eccles et al., 2015; Richmond and Maute, 2014; Maute et al.,
2012). Maute et al. (2012) have shown, using the TIME-GCM simulations, that the evening F-
region wind is more important than the E region wind in controlling the magnitude of vertical drift
velocity and its longitudinal variations of equatorial ionosphere. This motivates our study to
complement and substantiate those theoretical investigations using ionospheric observations. In this

study, in-situ observations of F-region zonal neutral wind speed, ion density, and vertical plasma
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drift velocity during PRE hours, from GOCE and C/NOFS satellites will be presented; linear
correlations between longitudinal variations of magnitude of vertical plasma drift velocity and zonal
neutral wind speed during PRE hours will be determined; also multiple linear regression techniques
will be applied to develop an empirical model for magnitude of vertical plasma drift velocity during
PRE hours as a function of zonal neutral wind speed, magnetic field strength, and integrated

Pedersen conductivity.

2. Data and analysis procedure
2.1 Data

The GOCE satellite was launched in 2009 to retrieve information of the Earth’s static
gravity field at high spatial resolution (Doornbos et al., 2013 and the references therein). It was a
polar orbiting satellite with orbital inclination of about 97° and orbital altitude from about 220 to
280 km. Applying different techniques (Doornbos et al., 2013), thermospheric neutral density and
wind speed have been estimated with 10 second sampling rate (Liu et al., 2016 and the references
therein) at the altitudes from 220 to 280 km. These data, from 2009 to 2013, are available for public
use. The region of the ionosphere-thermosphere system that has been monitored by GOCE is the
bottom side of the ionospheric F layer where ionospheric irregularities are believed to be initiated
(Sultan, 1996) by the RTI mechanism. Similarly, the C/NOFS satellite was developed to understand,
model, and forecast the Earth’s equatorial ionospheric irregularities (de La Beaujardiere et al.,
2004). C/NOFS was launched in 2008 (and was operational until 2015) and had an elliptical orbit at
altitudes from 400 to 850 km, with orbital period of 96 minutes and inclination of 13° The
instruments on-board C/NOFS include the lon Velocity Meter (IVM) to measure the ion density and
velocity (de La Beaujardiere et al., 2004). C/NOFS data are available for public use, too.
lonosphere-thermosphere system observations such as zonal wind speed from GOCE and ion
density and vertical drift velocity from C/NOFS obtained in the low latitude ionosphere are used in
this study. A large number GOCE and C/NOFS conjugate passes are identified in 2011 and 2012
during quiet days (Ap < 15).
2.2 Analysis procedure

Different methods have been used as indicator of ion density irregularity occurrence. For

instance, Huang et al. (2014, 2015) have shown that the standard deviation of residuals for every 10
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second observation from the 60 second means is a good indicator for perturbations of ion density. A
similar technique is applied in this study, but the mean is taken from every 10 second observation
and mathematically ion density perturbation is given by

oN =(%i(Ni —Nm)zjz, @

where n equals 10 and N; and Np, are ion density observation every second and their 10-
second mean, respectively. Huang et al. (2014) and the references therein indicated that the ion
density perturbation, 8N greater than 10' ijons per m® is taken as signatures of ionospheric
irregularities. lon density perturbation is computed using C/NOFS observations obtained within
+15° latitude from the magnetic equator for each orbit and at an apex heights from 400 to 800 km.
Daily ion density perturbations are computed from all orbits of C/NOFS in a day (i.e. about 16
orbits per day). Irregularity occurrence probability maps are produced by taking average value of
perturbations obtained in the days of a month for different longitude bins. To get an understanding
of the association between drift velocity and irregularity occurrence, maps of maximum value of
vertical drift velocity observations between 1800 to 1900 LT are developed and compared with the
maps of irregularity occurrence. lon density irregularities corotate with the Earth and zonally drift
from one longitude sector to the other before decaying (Huang and Hairston, 2015). This means the
same region of irregularities has a possibility to be observed more than once by C/NOFS. This can
create ambiguity in associating the cause and effect relationship between ionospheric irregularity
and vertical drift velocity due to PRE. To minimize this kind of issue, Huang et al. (2015)
considered only ion density observations in an orbit of C/NOFS during 1900 to 2100 LT and this
procedure is adopted in this study. Monthly maximum vertical drift velocity maps are produced by
collecting the maximum value of the drift velocity from each orbit in the month.

Occurrence maps of ion density perturbation and drift velocity using observations from
C/NOFS and other satellites have been done before (Huang and Hairston, 2015; Kil et al., 2009).
The main emphasis of this study is to see the relationship between the occurrence of irregularities in
relation with drift velocity and zonal neutral wind speed. GOCE monitored the ionosphere-
thermosphere system every day in the years 2009 and 2013. It had about sixteen full orbits in a day.
The zonal neutral wind speed observed by this satellite within +3° from the magnetic equator and

between 1800 and 1900 LT is collected from each orbit for every day and then the mean zonal wind
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speed is computed for each orbit. This mean zonal wind speed is calculated just at the magnetic
equator over the globe. Monthly values of zonal wind speed as a function of longitude are computed
for the same longitude bins as used to compute maps of ion density irregularity occurrence and drift

velocity.

3. Results

Applying the procedures described above, analysis results of ion density irregularities,
vertical drift velocity and zonal neutral wind speed are presented in this section. Figure 1 shows
sample results of ion density irregularities (top row), drift velocity (middle row) and zonal neutral
wind speed (bottom row) for 16, 17 November 2011, 16 and 17 November 2012, respectively. The
longitudinal variation plots of ion density perturbations and maximum drift velocities are obtained
from the entire orbits of C/NOFS for each day. Each dot in the drift velocity panel represents
maximum value of drift velocities obtained between 1800 and 1900 LT from a single orbit of
C/NOFS. In the bottom panels, each vertically tilted color-coded line shows the zonal neutral wind
speed corresponding to each orbit of GOCE within 1800 to 1900 LT versus longitude and latitude.
The geographic latitude and longitude locations of the magnetic equator (magenta dotted line) and
+3° from the magnetic equator are presented in these panels. The deep yellow color indicates the
highest zonal wind speed while the deep blue represents the smallest speed. As can be seen in the
top panels, the ion density perturbations show apparent longitudinal variations. Strong ion density
perturbations are obtained for the longitudes from about -50° to 80° whereas weak perturbations are
found in the other longitudes during these days. Similarly, maximum vertical drift velocities, in the
longitudes from -50° to 80° for each day, are relatively higher than those obtained in the other
longitudinal sectors. There is clear correspondence between maximum drift velocities and
maximum zonal wind speeds, for example see on 17 November 2012; however, the correspondence
shown in 2012 is better than that of 2011. This is an indication of the good correlation among
maximum occurrence probability of ion density perturbations, vertical drift velocity, and zonal wind
speed.

Figures 2 and 3 show the distribution of average zonal neutral wind speeds at 18-19 LT,
which are obtained for each pass between 3 degree latitude from the dip equator, for each month in

the years 2011 and 2012, respectively; the individual mean zonal speeds represent zonal speeds at
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the dip equator over the globe for every 3-degree longitude bin. As seen the minimum and
maximum mean zonal wind speeds are obtained in June and December solstices months,
respectively; specifically, in 2011 the minimum and maximum mean values are 68 m/s (June) and
172 m/s (in November). Similarly, in 2012 the minimum and maximum mean values are 93 m/s
(June) and 168 m/s (in October). In both years, the mean zonal wind speed above 150 m/s are
obtained in the months of October, November, and December. The standard deviations of zonal
neutral wind speeds are obtained for each month of both years in the range from 19-29 m/s (see
each panel of Figures 2 and 3).

Figure 4 shows the variations of the irregularity occurrence rates (first and second panel
columns, from the left), the average of the maximum ion drifts (third panel column), and the
average of the zonal wind speed (fourth panel column) with respect to longitude and months for the
years 2011 (top panels) and 2012 (bottom panels). The first two columns, from the left, show the
occurrence probability of ion density perturbations for two threshold values: SN>1x10" jons per
m3and 8N>2.5x10" ions per m®, respectively. The monthly values of occurrence probability of ion
density irregularities are computed by counting irregularities exceeding the threshold values within
10° longitude bins, whereas the drift velocity and zonal wind speed maps are obtained by averaging
in the same set of longitude bins (see 3" and 4™ columns of Figure 4). The irregularity occurrence
probability maps show clear monthly and longitudinal variations in both years. To see the
longitudinal variations, the globe is divided into five regions: the American sector (-140 to -70°E),
Atlantic sector (-70 to 0°E), African sector (0 to 45°E), Indian sector (45 to 105°E), and Pacific
sector (105 to -140°E). These longitudinal sectors are indicated by the vertical dashed lines in
Figure 4. As seen in the results of the year 2011 (top panel Figure 4), during October and April the
occurrence probabilities of irregularity are higher in almost all longitudes as compared to other
months; in addition, the occurrence probabilities during October are larger than that during April in
all longitudes. This is in agreement with the previously reported seasonal asymmetry of irregularity
and scintillations occurrences (Burke et al., 2004a; Paznukhov et al., 2012).

In the longitudes between -70° and 0° (Atlantic sector), the irregularity occurrence during
December and November are very high and they are comparable to the peak occurrence during
October in these longitudinal sectors. Similarly, in this longitudinal sector the occurrence

probability of ion density irregularity is noticeable during January, February, and March; however,
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the occurrence probability is smaller than the one obtained during October, November, and
December. The smallest occurrence probability of irregularity is obtained during May to September
in all longitudes except some parts of Africa during June and September. This is similar to the
results obtained by Hei et al. (2005) using the AE-E satellite data. Similarly, the smallest occurrence
probability is obtained during January, February, March, November, and December in all longitudes
except in East America and Atlantic sectors.

The irregularity occurrence probability in the year 2012 shows slight differences with the
one obtained in the year 2011. For the threshold of 1x10™ ion per m® irregularity, more than 10%
occurrence probability is observed during all equinoctial months in all longitudes and during
November, December, and January within -70° to 0° longitudes. Similarly, in the African sector (i.e.
0° to 45° longitude) more than 10% occurrence probability is obtained during June solstices. Similar
patterns of irregularity occurrence are shown in the maps with threshold of 2.5x10* ion per m*. For
both thresholds for the year 2012, the highest occurrence of irregularities is obtained during
October, November, December, and February in the Atlantic sector. The occurrence during February
is higher than the one during March and April. Also, seasonal asymmetry is clearly observed with
the highest occurrence during September equinox and December solstices.

The drift velocity and zonal wind speed maps show clear monthly and longitudinal
variations in both years. The highest drift velocity is observed between -70° and 45° longitudes
during October, November, and December followed by January, February, March and April. Smaller
or downward drift velocities are obtained during June solstice months in all longitudes. Like that of
irregularity occurrence, maximum vertical drift velocity shows seasonal asymmetry; the highest
first appear during October, November, and December compared to drifts during January, February,
March and April, especially in the year 2011. White color on the maps of drift velocity indicates
missing data. Interestingly, the monthly and longitudinal variations of the zonal wind speed show
similar patterns with maps of seasonal and longitudinal variations of drift velocity and the
irregularity occurrence probability. The highest zonal wind speed occurs in the same months and
longitudes as the highest drift velocity and the irregularity occurrence. Relatively noticeable
occurrence probability during June solstices in the African sector shows corresponding to relatively
high drift velocity values as compared to other longitudinal sectors. During October, November, and

December for both years, the highest wind speed is observed in all longitudes except between about
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-145° to -95° (American sector) in general. Similarly, smaller (below about 90 m/s) zonal wind
speed is observed during June solstice in all longitudes except about -95° to -65°. Surprisingly,
small zonal neutral wind speed (below around 90 m/s) corresponds to downward vertical drift
velocity (see results for June solstice).

Figures 5 and 6 show scatter plots of the mean vertical drift velocities versus the mean zonal
neutral wind speed within every 30° longitude bin for each month for the years 2011 and 2012,
respectively. These plots are useful to understand the effect of longitudinal variations of the zonal
neutral wind speed on the longitudinal variations of vertical drift velocity. As can be seen in Figure
5 there is a negative correlation between the longitudinal variations of the vertical drift and the
zonal wind speed during March, April, and September; whereas in Figure 6 the negative correlation
is obtained only during March. The negative correlation of the vertical drift and the zonal neutral
wind speed implies that the relationship is anti-correlated that is increasing wind speed correlated
with decreasing vertical drift. This anti-correlation is mostly observed when the maximum zonal
wind speed is less than 150 m/s; this indicates that other parameters may dominantly affect the
variation of vertical drift velocity during those months. The correlations obtained for the months of
the year 2011 (Figure 5) are different: small correlations (between 0.1 and 0.3) for January, June,
and September; medium correlation (between 0.3 and 0.5) for February, March, April, May, July,
and September; large correlation (between 0.5 and 1) for October, November and December; almost
no correlation (between 0 and 0.1) for August. Similarly, correlations obtained between the
longitudinal variations of vertical drift and zonal wind speed for the months of the year 2012 are
different: small correlation for the months of January, February, April, and August; medium for
May, June, July, and December; large for March and November; and almost no correlation in
September and October. The coefficient of determinations (r?) for each month is computed and
presented in each panel of Figures 5 and 6. For the months that show large correlation, the
coefficient of determinations varies from 32.55% to 50.85%. These values are obtained during
October, November, and December in 2011 (Figure 5) and March and November in 2012 (Figure
6). This indicates that the longitudinal variation of the zonal neutral wind can explain, at most
50.85% of the longitudinal variation of PRE vertical drift velocity (see November in Figure 6).
Also, in a significant portion of the year, the longitudinal variation of zonal neutral wind cannot be

used to explain the longitudinal variation of vertical drift velocity. Through the ionospheric dynamo
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at F layer, the east ward zonal neutral wind can create vertical ion current that finally produces
downward polarized electric fields (Eccles, 1998). These polarized electric fields can map down to
the E layer and generate westward Hall currents that diverge after a fraction of a second and induce
eastward electric fields that in turn result in the pre-reversal enhancement vertical plasma drift
(Farley et al., 1986; Eccles, 1998). The observed linear relationship shown between the PRE
vertical plasma drift and the eastward zonal neutral wind might be due partly to this process.
Similarly, Figure 7 shows the scatter plots of longitudinal variations of the vertical drift
velocity versus the zonal neutral wind speed for different seasons of both 2011 (top panels) and
2012 (bottom panels) years. Seasons are classified as September equinox (August, September, and
October), March equinox (February, March, and April), June solstices (May, June, and July), and
December solstices (November, December, and January). Positive correlation is obtained in all of
the seasons in both years except March equinox in 2011. Large (>0.5) correlation is obtained for
December solstices and September equinox in 2011; medium (>0.3 and 0.5 <) correlation for June
solstices and September equinox for the year 2012; small (<0.3) correlation for March and June
solstices in 2011 and December and March equinox in 2012. The coefficient of determination
computed for these seasons indicate the longitudinal variations of zonal wind speed can explain at
most 62.76% of the longitudinal variation of vertical drifts velocity in the 2011 September equinox.
As can be seen, for example, during March and November 2011 and 2012, the correlations
between the longitudinal variations of drift velocity and zonal neutral wind speed are negative and
positive (see Figures 5 and 6), respectively. The negative and small correlations imply that zonal
neutral wind may not be the only factor for the longitudinal variations of the vertical drift velocity
as it is indicated by different studies (Burke et al., 2004a; Vichare and Richmond, 2005). To
compare the effect of geomagnetic field strength, eastward zonal neutral wind speed, and
conductivity of the ionosphere on the longitudinal variations of vertical drift velocity, Figures 8 (for
year 2011) and 9 (for year 2012) are produced corresponding to sample negative and positive
correlations shown in Figures 5 and 6. The 1%, 2" 3" and 4" rows of Figures 8 and 9 show the
longitudinal variations of vertical drift velocity, zonal neutral wind speed, and geomagnetic field
strength at the magnetic equator, and field-line integrated Pedersen conductivity, respectively. The
field-line integrated Pedersen conductivities are computed using collision frequency and Pedersen

conductivity equations available in Shunk and Nagy (2009), IRI-2016 (International Reference
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lonosphere), NRLMSISE-00, and IGRF models. IR1-2016, NRLMSISE-00, and IGRF models have
been used to compute ionospheric, thermospheric, and geomagnetic field parameters that have been
used as input for Pedersen conductivity, collision frequency and gyro-frequency equations.
Integration of Pedersen conductivity has been done along the geomagnetic field lines above 150 km
from the surface of the Earth corresponding to 600 km apex height at 1900 LT. As seen in the
bottom panels of Figures 8 and 9, the conductance varies from 5-41 mho and this is in agreement
with the results obtained by Eccles et al. (2015) in general. The maximum conductance is obtained
the American longitudinal sector. The drift velocities corresponding to negative correlations (left
panels) are below 50 m/s in all longitudes, but the one shown for positive correlations is above 50
m/s within the longitudes from -80 to 60°. The zonal neutral wind speeds, corresponding to negative
correlation, do not show strong longitudinal variations that are between about 100 m/s and 150 m/s
in all longitudes, but the one corresponding to positive correlation is found between about 150 m/s
and 220 m/s almost in all longitudes and the peak value is observed in the Atlantic longitudinal
sector. The longitudinal variations of the geomagnetic field strength at the magnetic equator (3"
panels from the top) have similar patterns both for the negative and positive correlation cases. But it
shows strong longitudinal variations; the smallest and highest values are shown in Atlantic and
Pacific sectors, respectively. The Pedersen integrated conductivity shows clearly the inverse of the
longitudinal variations of the geomagnetic field strength as expected when the E region contribution
is small.

Figures 10 and 11 show scatter plots of monthly vertical drift velocity versus monthly zonal
wind speed for the years 2011 and 2012, respectively. The monthly scatter plots are provided for
different longitudinal sectors with 30° longitude bin and this provides twelve longitudinal sectors
over the globe. The correlation between the monthly variations of drift velocity and monthly zonal
wind speed shows a clear longitudinal asymmetry. Smaller or even slightly negative correlations
are found for the region from -180° to -150° longitudes (Pacific sector) and in the -150° to -120° and
150° to 180° longitude bins (Pacific sector). Interestingly, large correlations are obtained in wide
longitudinal bins from -120° to 150 both years 2011 and 2012. These longitudinal ranges represent
East America, Atlantic, Africa, India, and West pacific sectors.

Of the longitudinal bins that have shown large correlations, coefficient of determination

above 50% are obtained in the longitudes between -90° to 120° for the year 2011 and between -60°
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to 90° for the year 2012 except within 0° to 30° longitudes corresponding to Atlantic, Africa, and
Indian sectors.

In the Figures 5, 6, 7, 10 and 11 the correlations between the maximum PRE vertical drift
velocity and the zonal neutral wind speed (U) are displayed while ignoring the relationship of other
parameters with the vertical drift. However, as shown in Figures 8 and 9 and determined by
different studies (e.g. Ren et al., 2009), the vertical plasma drift is related with other parameters,
such as geomagnetic field (B) and field-line integrated Pederson conductivity (3,) as well.
Considering the effect of longitudinal variation of zonal neutral wind, the geomagnetic field
strength and Pedersen conductivity on the longitudinal variations of the vertical drift are
inseparable; their relationship with PRE vertical drift, applying multiple-linear regression, is
obtained and results are shown in Table 1. The model used for multiple linear regression is

Vd=Bo+B1 UD)+B2 B(D)+ B3 Zp(1), 2

where, Vg is the vertical drift velocity and Bo, B1, B2, and Bz are model coefficients, | is
longitude. As seen in this table when the neutral wind speed is very high (above 150 m/s) for the
November 2011 and 2012, the zonal neutral wind speed coefficients are positive and these
values are also significant (the calculated P-values are less than or equal to alpha values). For the
months of November 2011 and 2012, these three parameters can describe 56.40% and 69.20% of
the longitudinal variability of vertical drift velocity, respectively; whereas for the months of March

2011 and 2012, the association between vertical drift velocity and neutral wind speed is negative.

4. Discussion

The global distributions of the occurrence probability of ion density perturbation and the
post-sunset maximum vertical drift velocity are derived from C/NOFS observations for the years
2011 and 2012 (Figure 4). Using the same data, Huang and Hairston (2015) derived yearly mean
distribution of the occurrence probability of ion density perturbations and vertical drift maps for low
(2008-2010) and high (2011-2014) solar activity years and found good correlation between the
occurrence probability of irregularities and vertical drift velocity. The PRE vertical drift velocity,
which has good correlation with the occurrence of irregularities (Huang and Hairston, 2015),
depends on different physical parameters such as zonal neutral wind, geomagnetic field strength,

conductivity of the ionosphere, and the angle between the solar terminator and geomagnetic field
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lines (Burke, et al., 2004a; Vichare and Richmond, 2005). Theoretical studies have given more
emphasis on the role of eastward zonal neutral wind speed on the generation of the PRE vertical
drift velocity (Heelis, 2004; Heelis et al., 1974; Rishbeth, 1971; Farley et al., 1986; Eccles, et al.,
2015). The objective of the current study is to investigate the effect of the longitudinal variations of
the eastward zonal neutral wind speed, geomagnetic field strength, the Pedersen conductivity, and
alignment between geomagnetic fields lines and solar terminator on the longitudinal variations of
the PRE wvertical drift velocity and the associated occurrence probability of the equatorial
ionospheric irregularities to develop a more complete picture of the drivers of irregularities.

The monthly and longitudinal distributions of the occurrence probability of ion density
perturbations obtained in the current study (see Figure 4) are consistent with previous studies using
data from other satellites such as DMSP and ROCSAT-1 (Su, et al., 2006; Burke et al., 2004a;
Gentile et al. 2006; Kil et al., 2009); with the highest occurrence probability in the Atlantic
longitudinal sectors (-70 to 0° longitude). Low occurrence probability of ion density perturbation is
identified during June solstices in all longitudes expect in the African sector and this result is also
consistent with earlier findings (Huang et al. 2013; Kil et al., 2013). The appearance of high
occurrence of irregularities in all longitudes during the equinoctial months is also consistent with
the results obtained by Hei et al. (2005) using AE-E satellite data. However, the occurrence
probability of irregularities in September equinox is higher than that in March equinox almost in all
longitudes; this is also in agreement with asymmetric occurrence probability of irregularity obtained
in the American-Atlantic sectors using DMSP data (Burke et al., 2004a).The occurrence
probabilities of irregularities maps and vertical drift maps (3™ column in Figure 4) show similar
monthly and longitudinal variations as it observed by previous studies (Kil et al., 2013; Huang and
Hairston, 2015).

The highest occurrence probability of ion density perturbations, which is obtained in
Atlantic longitudinal sectors (-70 to 0° longitude), correlates with the highest magnitudes of the
PRE vertical drift velocity and the eastward zonal neutral wind speed. Similarly, the lowest
occurrence probability of irregularities obtained during May to June almost in all longitudes
correlates with the smallest (or downward) vertical drift velocities and smallest (below around 90
m/s) eastward zonal neutral wind speed. In general, the zonal wind speed maps (4™ column in

Figure 4) show similar monthly and longitudinal variations to the maps of the irregularity
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occurrence and the vertical drift velocity, which is an interesting result. It is well established that the
eastward zonal neutral wind at the F-layer drives vertically upward ion dynamo currents, which
become divergence free after a fraction of a second and results vertically downward polarized
electric fields (Heelis, 2004; Heelis et al., 1974; Rishbeth, 1971; Farley et al., 1986; Eccles et al.,
2015). This vertically downward electric field is assumed to produce zonal electric field through
two different mechanisms such as Curl-free mechanism and Hall current divergence mechanism
(Eccles et al., 2015) and finally the PRE is superposition of enhanced zonal electric fields from
these mechanisms. As it is explained via the Hall current divergence mechanism, mapping down to
the E layer along the geomagnetic field, this electric field drives westward Hall currents that also
become divergence free and results in zonal enhanced electric fields (or PRE) (Farley et al., 1986).
Through Curl-free mechanism, Rishbeth (1971) also pointed out that the vertical downward
polarized electric field get enhanced around sunset because of strong vertical gradient of
conductivity due to the decay of ionization and high ion recombination rate at the E-layer while
ionization still exist and recombination rate is weak at F-layer; at the sharp sunset edge of the F-
layer dynamo, the enhanced vertically downward polarized electric field produces an edge effect
that results zonal component electric field which is ultimately known as PRE. Simulation results
have shown strong linkage between the zonal neutral wind and the PRE vertical drift velocity
(Heelis, 2004; Maute et al., 2012; Eccles, et al., 2015). However, in the current study, it is clearly
observed that in some longitudinal sectors (mostly between -70 and 0° longitude) during June
solstices, when the zonal wind speed is small, but still eastward, the vertical drift velocity can be
downward. This may result from competition of the effect of PREs due to Curl-free mechanism and
Hall current divergence mechanism; from numerical simulations, for both equinox and solstice, the
magnitude of PRE due to curl-free mechanism dominates the one due to Hall current divergence
mechanism but the peak values from these methods are more closer during solstices (Eccles et al.,
2015). In addition, the peak value of PRE due to the Hall current divergence mechanism occur
earlier than the corresponding value from Curl-free mechanism; also, vertical drift due to Hall
current divergence mechanism directs downward after sunset whereas the one from Curl-free
mechanism remains upward. Therefore, the downward vertical drift observed in this study while the
zonal neutral wind speed directed to the east may be as a result of the dominance of downward

vertical drift due to Hall current divergence mechanism over the Curl-free mechanism. In addition,
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other factors may have role for the downward vertical drift; for example, quite time prompt
penetration electric field and atmospheric gravity wave induced electric field may play a role for the
downward directed vertical drift.

To investigate the relationship between the zonal neutral wind speed only and the vertical
drift velocity, scatter plots of the vertical drift velocity versus the zonal neutral wind speed for each
month (see Figures 5 and 6) and season (see Figure 7) are presented. The highest correlations
obtained are 0.6501 (r*~0.4226) and 0.7131 (r*~0.5085) only during November 2011 and 2012 (see
both Figures 5 and 6); the maximum 42.26% and 50.85% r* values found, for these months, indicate
that 42.26% and 50.85% of the longitudinal variations of vertical drift velocity may be explained by
the longitudinal variation of zonal neutral wind speed only. Since 92% (22 of 24) of the months
studied have the coefficient of determinations below 42.26% and 50.85%, most of the time more
than 50% of the longitudinal variations of the vertical drift velocity should be explained by the
longitudinal variations of zonal neutral wind and other parameters, such as the geomagnetic field
strength, the alignment between the geomagnetic field lines and solar terminator, and so on (Burke
et al., 2004; Vichare and Richmond, 2005). As seen in Table 1, when the effects of the longitudinal
variations of zonal neutral wind speed, geomagnetic field strength, and conductivity are considered
on the longitudinal variations of PRE vertical drift velocity, the relationship increases; for
November 2011 and 2012, 56.40% and 69.20% of the longitudinal variations of the PRE vertical
drift can be explained by the longitudinal variations of those predictor variables. The remaining
percentage of variability of PRE vertical drift velocity may be explained by other parameters
variability like prompt penetrating and shielding electric fields, gravity wave induced electric fields,
and so on. The linear regression results obtained also indicate linear relationship between the PRE
vertical drift velocity and zonal neutral wind speed, which is consistent with theoretical
investigations (Heelis, 2004; Eccles et al., 2015). This implies that this result complements previous
theoretical findings done for understanding relationship between the zonal wind driven dynamo
currents and the PRE vertical drift velocity.

Different factors are believed to affect the longitudinal variation of electric field and associated drift
velocity; for example, the longitudinal variation of geomagnetic field strength, declination, and

zonal neutral wind speed have contribution on the longitudinal variation of drift velocity as shown
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in simulation studies (Vichare and Richmond, 2005; Ren et al., 2009). Above about 170km, both
ions and electrons move together upward with the drift velocity,

Vg4 =E;—ZB, at the low latitude of the ionosphere (Rishbeth, 1971; Vichare and Richmond, 2005)

where E is eastward zonal electric field and B is the horizontal geomagnetic field. This relation
show that if the longitudinal variation of the zonal electric field is insignificant compared to the
variation of geomagnetic field strength or if the zonal electric field is constant along the longitude,
in region where the geomagnetic field strength is weaker, the vertical drift velocity will be higher
(Huang et al., 2001; Vichare and Richmond, 2005; Ren et al., 2009); but in practice it is clear that
both the neutral wind speed and geomagnetic field that can cause for the generation of the zonal
electric field vary with longitude. Also, Heelis (2004) has shown that the vertically downward
polarized electric field at the F layer due to ionosphere dynamo has a direct relationship with zonal
neutral wind speed especially in the nighttime. This indicates in turn direct relationship between the
vertical drift velocity and zonal neutral wind speed. The negative and positive correlations obtained
during March and November 2011 and 2012 (Figures 8 and 9) may be due to the competition of the
longitudinal variations of zonal neutral wind speed and geomagnetic field strength in affecting the
longitudinal variations of the vertical drift velocity. The longitudinal variations of drift velocity,
zonal neutral wind speed, geomagnetic field strength at the magnetic equator, and integrated
Pedersen conductivity are shown in Figures 8 and 9 for March (left panels) and November (right
panels) 2011 and 2012, respectively. In the left-hand side panels of Figures 8 and 9, the longitudinal
variations of the drift velocity (top panels) does not follow the longitudinal variations of zonal
neutral wind speed (2™ rows from the top) instead it follows the inverse of the geomagnetic field
strength. This may be due to relatively high longitudinal variation of geomagnetic field strength
compared to the zonal electric field that can be generated by the zonal neutral wind speed (Eccles,
et al., 2015) without much longitudinal variations. Conversely, as shown on the right-hand panels,
the longitudinal variation of the drift velocity (top panels) does follow strongly the longitudinal
variations of zonal neutral wind speed (2" rows from the top) instead of the geomagnetic field
strengths. The zonal neutral wind speed in the right panels show clear difference with the one
displayed in the left hand panels; the magnitude of zonal wind speeds shown in the right hand
panels are stronger (U> 150 m/s in most of the longitudes) and show larger longitudinal variations

than the one in the left hand side panels (U<150 m/s and almost constant at all longitudes). This
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implies that strong eastward zonal neutral wind speed with considerable longitudinal variations may
be the cause for strong electric field and vertical drift with similar longitudinal variations through
ionosphere F-layer dynamo (Eccles, et al., 2015; Rishbeth, 1971) instead of the longitudinal
variation of the geomagnetic field strength.

As pointed out by Farley et al. (1986), field aligned integrated conductivity has a strong
effect on the field aligned coupling between the E and F layer electrodynamics. Integrated
conductivities shown in these figures show clear inverse relation with the geomagnetic field
strength; indicating the conductivity is strongly influenced by the Earth’s magnetic field, which is in
agreement with results shown by Vichare and Richmond (2005).

The enhanced drift velocities shown in Figures 4, 8, and 9 could be also complemented by the
alignment between solar terminator and geomagnetic field lines (see Figure 12). Tsunoda (1985)
suggested that during the months when the solar terminator is parallel with the geomagnetic field
line, the drift velocity gets enhanced, which finally enhance the irregularity growth rate. This can be
tested by correlating the strength of the drift velocity with difference of geomagnetic declination
and solar terminator angles as described in Tsunoda’s model (Burke at al., 2004) i.e

a = 8 — g, where ¢ and ¢ are geomagnetic declination and solar terminator angles, respectively. The

m(D-81)

solar terminator angle is given by € = 23 - 5° sin( o7 s ) where D is the Julian day. Therefore,

the maximum drift velocity obtained during November in the Atlantic longitudinal sector (-70 to 0°)
can be explained by the combined effect of enhanced zonal neutral wind speed, minimum
geomagnetic field strength, and the alignment of geomagnetic field lines with the solar terminator.
5. Conclusion

In the current study, the evening time zonal neutral wind speed observations from the GOCE
satellite and the ion density and vertical drift velocity observations from the C/NOFS satellite are
analyzed to investigate the effect of monthly and longitudinal variations of the zonal neutral wind
speed on the longitudinal variations of the post-sunset drift velocity of plasma and the associated
equatorial ionospheric irregularity. In addition, the relationship of the longitudinal variation of the
geomagnetic field strength at the magnetic equator, alignment between the solar terminator and
geomagnetic field lines, and the Pedersen conductivity of the ionosphere on the longitudinal
variations of vertical drift and ion irregularity are investigated. Based on the analysis presented, the

following conclusions have been drawn.

18

This article is protected by copyright. All rights reserved.



e The seasonal asymmetry of occurrence of irregularities correlates with the seasonal
asymmetry of the vertical drift velocity and eastward zonal wind speed.

e At most 50.85% of the longitudinal variations of the equatorial ionospheric plasma vertical
drift velocity is accounted for by the longitudinal variation of the eastward zonal neutral
wind speed near the magnetic dip equator only within a particular month.

e When the zonal neutral wind speed magnitude is high, i.e. above 150 m/s, up to 69.20% of
the longitudinal variations of the vertical drift velocity is explained by the longitudinal
variations of zonal neutral wind speed, geomagnetic field strength, and Pedersen
conductivity.

e In Atlantic, Africa, and India sectors, eastward zonal neutral wind speed controls much
better the monthly variation than the longitudinal variations of the vertical drift.
Corresponding to the correlation coefficient above 0.6529, about 42.63% to 79.80% of the
monthly variations of the vertical drift velocity are accounted for by the monthly variations
of the neutral wind speed.

e The highest occurrence of irregularity obtained in the Atlantic longitudinal sector during
November and December is due to a combined effect of the highest zonal neutral wind
speeds, the smallest geomagnetic field strength, and the alignment of geomagnetic field lines
and solar terminator.

e Downward vertical drift velocity of plasma is obtained during June solstices that correspond
to small eastward zonal neutral wind speed. This relationship might be due to the dominance
of Hall current divergence mechanism over the curl-free mechanism in generating the west

ward directed PRE after sunset.
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Figures caption:

Figure 1: sample ion density deviations (top panels), maximum drift velocity (middle panels), and
zonal wind speed on selected days shown as title of each panel.

Figure 2: distribution of zonal neutral wind speed obtained just at the magnetic equator over the
globe for the months of year 2011.

Figure 3: distribution of zonal neutral wind speed obtained just at the magnetic equator over the
globe for the months of year 2012.

Figure 4: map of ion density perturbation occurrence (1%, 2" columns for different ion density
irregularity thresholds), maximum vertical drift velocity (3" column), and zonal wind speed (4"
panels) versus longitude and month for the years 2011 (top panels) and 2012 (bottom panels).
Figure 5: longitudinal scatter plot of drift velocity versus zonal wind speed obtained by averaging
for every 30° bin of longitude for each month of the year 2011.

Figure 6: longitudinal scatter plot of drift velocity versus zonal wind speed obtained by averaging
for every 30° bin of longitude for each month of the year 2012.
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Figure 7: longitudinal scatter plot of drift velocity versus zonal wind speed obtained by averaging
for every 30° bin of longitude for each season of the years 2011 (top panels) and 2012 (bottom
panels).

Figure 8: longitudinal variation of vertical drift velocity, zonal neutral wind, and geomagnetic field

strength at magnetic equator, and field-line integrated Pederson conductivity (%,), from top to
bottom, for March (left) and November (right) 2011.

Figure 9: longitudinal variation of vertical drift velocity, zonal neutral wind, and geomagnetic field
strength at magnetic equator, and field-line integrated Pederson conductivity (%,), from top to
bottom, for March (left) and November (right) 2012.

Figure 10: monthly scatter plot of drift velocity versus zonal wind speed obtained for every 30°
longitude bins for the year 2011.

Figure 11: monthly scatter plot of drift velocity versus zonal wind speed obtained for every 30°
longitude bins for the year 2012.

Figure 12: Days of the year (DOY) when the angle between the geomagnetic field lines and solar

terminator approximately zero over the globe.
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