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Abstract we present here characteristics of the Doppler drift measurements over Tirunelveli (8.73°N,
77.70°E; dip 0.5°N), an equatorial site over Southern India using Doppler interferometry technique of
Canadian ionosonde. Three-dimensional bulk motions of the scatterers as reflected from the ionosphere are
derived by using Doppler interferometry technique at selected frequencies using spaced receivers arranged
in magnetic E-W and N-S directions. After having compared with Lowell’s digisonde drifts at Trivandrum, we
studied the temporal and seasonal variabilities of quiet time drifts for the year 2012. The observations
showed higher vertical drifts during post sunset in the equinox followed by winter and summer seasons.
The comparison of Doppler vertical drifts with the drifts obtained from (a) virtual height and (b) Fejer drift
model suggests that Doppler vertical drifts are relatively higher as compared to the drifts obtained from
model and virtual height methods. Further, it is seen that vertical drifts exhibited equinoctial asymmetry in
prereversal enhancement quite similar to such asymmetry observed in the spread F in the ionograms and
GPS L band scintillations. The zonal drifts, on the other hand, showed westward during daytime with mean
drifts of ~150-200 m/s and correlated well with equatorial electrojet strength indicating the role of E region
dynamo during daytime, while they are eastward during nighttime with mean drifts of ~100 m/s resembling
F region dynamo process. Also, zonal drifts showed large westward prior to the spread F onset during
autumn equinox than vernal equinox, suggesting strong zonal shears which might cause equinoctial
asymmetry in spread F.

1. Introduction

Electric fields in the equatorial ionosphere are very important for the day-to-day variabilities in the large-scale
electrodynamical processes such as equatorial electrojet (EEJ), equatorial ionization anomaly, and equatorial
spread F (ESF). Hence, measurement of electric fields of the equatorial ionosphere has been made for several
decades using both ground- and space-based instruments [Fejer and Kelley, 1980; Kelley, 1989; Namboothiri
et al., 1989]. These electric fields are used to understand the plasma density irregularities or density gradients
in the ionosphere. The temporal variations in the electron density, density gradients, electric fields, and
plasma drift motion as obtained by using these ground- and space-based instruments have provided valu-
able information about the variable ionosphere. However, routine measurements of these electric fields
are at very few locations. Some notable instruments such as Jicamarca incoherent scatter radar and
Jicamarca Unattended Long-term lonosphere and Atmosphere radar are often used to obtain equatorial
zonal electric fields [e.g., Fejer et al., 1991; Kudeki and Fawcett, 1993; Hysell and Burcham, 1998]. HF Doppler
radars have also been used widely over Indian region to study the density irregularities and the drift motion
of the ionosphere [e.g., Viswanathan et al., 1992; Balan et al, 1992; Subbarao and Krishnamurthy, 1994; Sastri
et al., 1995; Prabhakaran Nayar and Sreehar, 2004; Reddi et al., 2009]. These observations have proved that
ionospheric drifts or electric fields are crucial to understand the electrodynamics of the ionospheric plasma
irregularities and related variabilities in the ionosphere. However, it is very difficult to obtain continuously
these electric fields or drifts and its variations with solar and geomagnetic activities at all locations. Using
satellites such as AE-E, ROCSAT-1, DMSP, and C/NOFS, the temporal and spatial variations of the drifts have
been studied extensively [Fejer et al., 1995; Su et al., 2001; Burke et al., 2004; de La Beaujardiére, et al., 2004].
Using assimilation of the ground- and space-based drift measurements, empirical drift models have been
developed [Scherliess and Fejer, 1999]. However, since satellites are nonstationary, they cannot provide con-
tinuous drift information at all locations at all times, which are essential to understand the day-to-day
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variability of the dynamics of the low-latitude ionosphere. The day-to-day variabilities in the ionospheric
plasma irregularities or scintillations are very important for space weather point of view. In this respect,
one of the simplest and best ground-based instrument that provides vital information about background
layering movements over a given location is an ionosonde [Breit and Tuve, 1925; Devies, 1989; Reinisch,
1996]. In the recent past, modern ionosondes have come up with the capability of Doppler interferometry
technique through which ionosondes can be used as a radar to detect drift motion of the bulk ionization
layers by using fixed frequency operations [Reinisch, 1996; Kouba and Knizovd, 2012; Bianchi and Altadill,
2005; Woodman et al., 2006]. lonosondes like Digisonde Portable Sounder (DPS) and Canadian Advanced
Digital lonosonde (CADI) systems are used widely to investigate the drifts for scientific studies as well as
for routine monitoring at wide locations [Bibl and Reinisch, 1978; Reinisch, 1996; Reinisch et al., 1998; Grant
et al,, 1995; Abdu et al.,, 1998]. Several investigations are being made by using both zonal and vertical drifts
obtained from such ionosonde systems over Brazilian sector [Abdu et al., 2003a, 2003b; Reinisch et al.,
2004]. Over Indian region, HF Doppler radar is being widely used to study the height variation of these drifts
[e.g., Sastri et al., 1995; Prabhakaran Nayar and Sreehari, 2014]. The plasma vortex in the F region ionosphere
during dusk sector, which is believed to be responsible for the generation of spread F onset, has been inves-
tigated using vertical and zonal drift motions of the HF Doppler radar over Trivandrum [Sreehari et al., 2006;
Mathew and Nayar, 2012]. Hence, the drift measurements of both horizontal and vertical motions are very
important for understanding the day-to-day variability of the ESF irregularities.

The Indian Institute of Geomagnetism (llG), Mumbai, India, has set up two CADI ionosondes out of which one is set
up at one of its regional centers at Tirunelveli, which is an equatorial station and the other at regional center at
Allahabad during the year of 2006. Since then, we have been monitoring movement of various ionospheric layers
and its dynamics by using these ionosondes. Already, some investigations have been made by using these sys-
tems and results have appeared in referred journals [Nayak et al, 2014; Narayanan et al., 2014; Tiwari et al,,
2012; Joshi and Sripathi, 2016]. However, we have not investigated the drifts using CADI system using larger data.
Recently, we made some attempt to investigate the drifts and its dynamics over Tirunelveli during daytime and its
correction for its utility [Joshi and Sripathi, 2016]. In this paper, we present variability of both vertical and zonal drifts
during different seasons and their comparison with available drift model such as Scherliess and Fejer [1999]. We
also compared zonal drifts with EEJ strength and spread F. We also made a comparison with Lowell’s digisonde
vertical drifts over Trivandrum, which is ~100 km (radial) far. It may be mentioned that the Doppler technique
relies mainly on the reflection of the plasma waves from the density inhomogeneities caused due to the plasma
instabilities. Due to these density inhomogeneities, the reflected signals received by the four receiver channels
from various scattering centers in the sky will yield valuable information about ionospheric movements.

2, CADI System Description

The Canadian Advanced Digital lonosonde (CADI) is a modern digital ionosonde developed for both routine
monitoring and scientific research by Scientific Instrumentation Lab, Canada [MacDougall et al., 1995;
MacDougall et al., 1998; Grant et al., 1995; Hussey et al., 2004]. CADI ionosonde system at Tirunelveli was set
up during middle of 2006. Its frequency range is from 1 to 20 MHz. It can be operated under low-resolution
(~100 frequencies), medium-resolution (~200 frequencies), and high-resolution (~400 frequencies) operations.
The step size of the sweep could be either linear or logarithmic as per user choice. CADI is operated as vertical
incidence sounder providing information on the local ionosphere. CADI provides direct information on (a) the
echo delay (virtual height) as a function of frequency, (b) the amplitude and phase of the reflected signal, and (c)
the Doppler shift due to motion of the reflector at selected frequencies. A complete ionogram requires from a
few seconds (at low-frequency resolutions) to several minutes (at high-frequency resolutions). The system inte-
grates phase coding techniques along with solid state electronics to make CADI a powerful tool to probe iono-
sphere. It has provision to operate between conventional ionogram and drift modes of operations alternately.
While the conventional ionogram takes about 10 min to complete one ionogram as per the user selection,
between two successive ionograms, the system supports to operate on several independent frequencies as
defined by the specifications provided by the user. This sequence can be programmed to continue for every
day to get both conventional ionograms as well as drift measurements. Delta-type transmitting antenna with
four co-located receivers arranged in magnetic north-south (N-S) and east-west (E-W) directions is used to
receive the returned echo. The transmitter uses pulse compression technique by using 13-bit Barker code to
increase the signal strength. The peak transmitter power of the system is 600 W. Ampilifier units are all solid state
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devices. CADI can probe from 90 km to height of 512 km (1020 km) with either 3 or 6 km resolutions. The trans-
mitter and receivers are synchronized to a reference oscillator at 50 MHz by using a direct digital synthesizer
unit. To provide more accurate drifts, the phase difference between each antenna pair and phase responses
of the receivers is matched and antenna cables are maintained at identical lengths.

The receiver antennas are set up at four mutually spaced, orthogonal locations with the separation between
each receiver location is 30 m as per the procedure given by Wright and Pitteway [1979]. These four antennas
are arranged in magnetic north-south and east-west direction over the equator. Each dipole is an untuned
dipole of overall length of 19 m. The center of each dipole is fed to a balanced high input impedance pream-
plifier. Experimentally, it is shown that phase measurements at four spaced receiving antennas in a square
array contain contributions identified with echo polarization and arrival angle [e.g., Wright and Pitteway,
1979]. This is based on two properties of the received signal, namely, complimentary polarizations and appar-
ent location of the reflecting surface from where the echo reflected back from the ionosphere.

The equatorial ionosphere is highly dynamic owing to the fact that unique geometry (due to Earth’s magnetic
field lines are being horizontal at the equator (magnetic)) is responsible for the generation of small-scale den-
sity irregularities in the post sunset hours and provides a corrugating surface for reflection/scattering. As a
result, the received signal associated with each propagation mode may arrive at the receiver over wide direc-
tions. The drift velocity of the medium is related to the Doppler shift as per the Cannon et al. [1991].

2.1. Typical Equatorial lonograms and the Satellite Traces as Seen at Tirunelveli

First, we present a typical equatorial ionogram as obtained from Tirunelveli in Figure 1a on 17 March 2015 at
12:30 Indian Standard Time (IST). The ionogram presents a typical variation of frequency with respect to alti-
tude. From the figure, it can be noticed the splitting of F layer into Fy, F», and F3 layers during the day which
are believed to be due to the combination of (a) production, (b) transport, (c) electrodynamics, and (d) loss
processes. In the Figure 1b, we present typical ionogram which is obtained on 18 January 2015 at 20:00
IST to show satellite traces in the ionogram. These satellite traces are believed to be due to modulations in
the F layer typically by gravity waves just prior to the onset of ESF irregularities in the ionograms [Tsunoda,
2008, 2009]. In addition, there are second hop traces which could be due to multiple reflections from the
ground and ionosphere [e.g., Bhaneja et al., 2009]. In the recent past, several investigations have been made
by using satellite traces over equatorial sites during ESF or non-ESF nights and their relation to occurrence of
plasma density irregularities including Tirunelveli station [e.g.,, Narayanan et al., 1992]. As observations
belong to the March period which is the season for strong spread F over India, we may be seeing several
satellite traces in the ionogram prior to spread F. Figure 1c shows the ionogram on a typical spread F night.
These are diffused echoes coming from small-scale irregularities in the ionosphere.

2.2. Skymaps

Skymaps are used to describe angular position of the scatterers in the sky. Here the overhead point is marked
by the plus sign. The color information represents drift velocity. A skymap displays various reflection sources
which have been reflected from the ionosphere. This skymap displays the spatial distribution and the
Doppler shifts of ionospheric echo sources. A representative skymap at 4 MHz sounding frequency during
January 2015 is shown in Figure 2.

2.3. North-South and East-West Distance Plots

Figures 3a and 3b show the north-south and east-west distance plot at 400 km distance from the ionosonde
station obtained by using 6 MHz frequency. Using this plot, it is possible to see the movement of ionospheric
structures. Figure 3a shows the east-west location of received echoes, while Figure 3b shows the north-south
location. It is also possible to calculate the distance plot for 200, 100 km. In this example, the sloping features
in the north-south panel show that there were ionospheric patches moving northward. The zonal distance
plot suggests that they are moving eastward, which is usually the case during nighttimes.

2.4. Doppler Drift Measurements

The CADI ionosonde at Tirunelveli was operated alternately between the ionogram mode and drift mode. The
CADI was operated in ionogram mode at every 10 min interval interleaved by drift mode of operations at
seven independent (fixed) frequencies as per the predefined specifications. We present here drift measure-
ments made at few fixed transmitter frequencies, namely, at 4 MHz, 5 MHz, and 6 MHz that correspond to
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Figure 1. The typical ionograms of Tirunelveli during (a) daytime, (b) evening hours, and (c) spread F night.

wavelengths (4) in the range of 50 m to 75 m. The reflected echoes in terms of | and Q channels for each trans-
mitted frequency using each of the four receivers are further analyzed by using 64-point FFT (fast Fourier
transform) complex time series for each antenna. This system was run under 20 pps for drift measurements
which means interpulse period of 50 ms. For drift analysis, we used 64-point FFT, which means that the total
time length is ~3-4s. In order to obtain the strongest echo, we applied noise threshold where if the power in
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Figure 2. The typical skymap over Tirunelveli at different times on 18 January 2015.

each of the Doppler bin of the first antenna is above noise threshold, then that bin is saved for all four anten-
nas. Now Doppler bin data consist of only the strongest part of the Doppler spectrum and are assumed to
correspond to an ionospheric reflection point or “source point.”

Using cross spectra of the Doppler bin for each north-south (N-S) or east-west (E-W) antenna pair, the Doppler
drifts are obtained. While cross phases of the two antenna pairs give the angle of arrival information of the
source, variation in the Doppler shift across the skymap shows the bulk motion of the sources. The following
assumptions are being made while determining the drift velocities, namely, (a) ionosphere is in steady state
and has uniform motion and (b) the motion is mainly horizontal and (c) the source points should have inci-
dence angle that is close to vertical. Since it is assumed that the ionosphere is moving with a uniform bulk
motion, the drift velocity being detected by this Doppler interferometer is measure of bulk plasma motion
in the ionosphere. Accordingly, the software automatically selects the source points with a maximum angle
of arrival of 45°. From Figure 2, this corresponds to maximum tan6N and tan6E values of +1 that is of primary
source to derive the plasma drifts being investigated in this paper. From the spectral phases across the receiv-
ing antennas, the source wave vector k; is determined. The intersection of these k; vectors with horizontal
plane at each frequency generates skymaps of the source locations.

The drift velocity of the medium can be related to the Doppler shift as per the Cannon et al. [1991] by using
the following equation:

1 .
ds = —v.kswhere s = source index,
T

Dy =Doppler shift of reflection point at the receiving antennas
v =source velocity
ks =unit vector from the ionospheric reflection point, s toward receiver
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Figure 3. (a and b) The east-west and north-south distance of the scatterers at 400 km distance from the ionosonde station as obtained using 6 MHz frequency.

The three-dimensional velocity vector v can be estimated from a collection of source locations defined by k;
and Doppler shifts ds by minimizing the least squares error [after Cannon et al., 1991].

2 1 ?
&= Z(ds — ;v.ks)

s
where s=1,2,3...... (source index).
It may be mentioned that this technique fails when only few number of reflecting sources are available for
drift measurements.

Accordingly, we processed the drift data only when enough source points are available.

3. Results

In this section, first, we present typical examples of temporal variations in the zonal and vertical drift measure-
ments at Tirunelveli as obtained from CADI system. Then, we present a typical comparison of CADI vertical
drifts with same drifts made from digisonde at Trivandrum which is close to the Tirunelveli. Later on, we pre-
sent seasonal and monthly variations of these drifts during geomagnetically quiet periods. We also present a
comparison with drift model of Scherliess and Fejer [1999] and drifts from that of h'f (km) along with
relevant discussions.

3.1. Typical Diurnal Variation of Vertical and Horizontal Drifts

Figure 4a shows the typical diurnal variation of ionization layer movement on 18 January 2015 at 4 MHz
frequency in the top. Figures 4b-4d show the diurnal variation of three-component drift velocities referred
to as zonal, meridional, and vertical drifts from top to bottom, while the bottom most panel shows the
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sources.

number of scattering sources used for this drift measurement with this frequency. Here it may be mentioned
that the threshold of minimum number of scattering sources is 5 to calculate the Drifts. The observations show
that during daytime, very few drift measurements were present due to non existence of scattering sources in
this frequency, while they show good number of scatterers during nighttimes. While vertical drifts are upward
during daytime, it is downward during nighttime. Similarly, zonal drifts are westward during daytime, while they
are eastward during night. Meridional drifts are mostly fluctuating about zero during nighttime; they are fluctu-
ating about 50 m/s during early morning hours. Since these irregularities are highly field-aligned, they mostly

drift in the zonal direction. So meridional drifts are not really investigated further in this paper.

3.2. CADI Vertical Drifts Versus Lowell’s DPS Digisonde Vertical Drifts

In order to compare the CADI drifts with Digisonde drifts, a comparison is being made with the vertical drifts
from these two ionosondes on a typical day. Figure 5a shows the CADI drifts at Tirunelveli on 06 March 2010,
while Figure 5b shows the digisonde (1) base height and (2) drifts on same day at Trivandrum, which is
~100km away from Tirunelveli site. Since there were discontinuities existing in the drift measurements at
individual frequencies, we plotted mean drifts and their standard deviation at frequencies of 3.75 MHz and
5.25 MHz. The digisonde drifts are obtained from the published result of Thampi et al. [2012] for comparison
purpose only. Initially, the drifts were 20 m/s in the CADI, then the drifts go down and again it went upto
40 m/s at 19:45 IST (Indian Standard Time). But again, the drifts slowly went down close to zero and continued
until 21:30 IST. Again, the drifts went up for some time and reached 10 m/s before it again reverses its direc-
tion. The —ve drift is continued until 00:00 IST. On the other hand, DPS drifts show initially 15 m/s and then
rise to 20m/s at 19:00 IST. This continued until 20:30 IST. Though there were small differences existing
between these two drifts which could be due to distance between these two systems, the comparison
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Figure 5. (a and b) The comparison of CADI drifts at Tirunelveli with that of digisonde drifts at Trivandrum on same day
which is ~100 km away from Tirunelveli.

showed that the trends were in good agreement with each other. This suggests that we can use CADI drifts
reliably when electrodynamics dominates.

3.3. Monthly Variation of Quiet Time Vertical and Zonal Drifts

After having compared the drifts from independent and proven systems like digisonde, we analyzed quiet time
drifts by using larger period of data to study the temporal variation of these drifts and their seasonal behavior.
Figures 6a—-6l show the scatterplot of the monthly diurnal variation of quiet time vertical drifts over Tirunelveli
from January to December 2012 in each individual subplot as obtained by using the frequencies of 4 and 5 MHz.
The mean solar flux varied between 93 (min) to 126 (max) solar flux unit (sfu) during this period. The monthly
mean drift from Scherliess and Fejer (SF) drift model for each month after taking actual solar flux values into this
model (green) is also shown. The observations show that while daytime drifts are upward, during nighttime,
these drifts are downward. It may be noted that daytime drift measurements are contaminated by photoioni-
zation [Abdu et al., 2003b]. So our motive in this paper is not to discuss about daytime vertical drifts. While we
present here daytime vertical drifts as well for brevity, however, a detailed study on daytime vertical drifts and
their possible corrections are investigated in a separate paper by Joshi and Sripathi [2016]. We present here
drifts during evening hours when photoionization is minimum. In the evening hours, the Doppler drifts show
strong upward movement, which is due to prereversal enhancement (PRE) in the zonal electric field. These eve-
ning drifts are found to show seasonal and day-to-day variability where they are found to have higher drifts dur-
ing equinox months followed by winter months. On the other hand, summer months have least vertical drifts
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Figure 6. (a-I) The scatterplot of the monthly diurnal variation of quiet time vertical drifts over Tirunelveli from January to December 2012 in each individual subplot
as obtained by using the frequencies of 4 and 5 MHz. The monthly mean vertical drifts along with its standard deviation shown in red color are also superposed. The
monthly mean vertical drift from the drift model shown in green color for comparison is also shown.

during evening hours. While diurnal variation of CADI drifts shows that nighttime drifts are downward with
~20 m/s, daytime drifts are upward drifts with mean drifts of ~10-15 m/s. In the evening hours, the PRE drifts
vary from 30 to 50 m/s. Notable points from this figure are that (a) model calculations do not reproduce actual
PRE vertical drifts during evening hours and (b) higher estimation of morning vertical drifts during 08:00-12:00
in the model than CADI drifts. There are also some fluctuations in the vertical drifts during early morning hours,
which could be due to lack of scatterers during that time. It seems the Doppler vertical drifts obtained from
CADI underestimate daytime drifts in comparison to model drifts. This could be due to the fact that CADI drift
measurements are made by using low number of scattering sources.

Figures 7a-71 show the scatterplot of monthly diurnal variation of quiet time zonal drifts over Tirunelveli from
January to December 2012 in each individual subplot as obtained by using the drifts from both frequencies of
4 and 5 MHz. This is done to minimize the data gaps. Due to not having the data during June and December,
the panels look blank. The observations show that daytime zonal drifts are westward with mean drifts varying
about 150 m/s, while these drifts are eastward during nighttime with mean drifts varying about 100 m/s. In
the evening hours, however, there is a large westward movement in the drifts which could be linked to the
upward drift due to prereversal enhancement (PRE) in the zonal electric field. The drifts are found to show lower
drifts during daytime during summer months as compared to other months. On the other hand, summer
months have least vertical drifts during evening hours. The zonal drifts in the nighttime shows that they also
show variability where autumn equinox period seems to have higherzonal drifts in comparison to other periods.

3.4. Doppler Drifts Versus Drifts From Virtual Height Versus SF Drift Model

When Doppler drift measurements were not available, we usually use virtual height (km) of F layer to calcu-
late vertical drifts by using the rate of change of layer height after assuming that there is no production and
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Figure 7. (a-I) The scatterplot of monthly diurnal variation of quiet time zonal drifts from January to December 2012 as shown in each individual subplot obtained by
using the mean of the drifts between frequencies 4 and 5 MHz. The monthly mean zonal drifts along with its standard deviation shown in red color are also

superposed.

negligible recombination of ionization after sunset. Since now we have measured the drifts by using Doppler
method, it is possible to compare these two methods. In order to compare the drifts measured by using
Doppler drift technique with virtual height method and SF model, we plotted the contour map of daily
temporal variation of vertical drifts obtained by using Doppler drifts, drifts obtained by using virtual height
measurements and SF model drifts during 18:00-00:00 IST in Figures 8b-8d, respectively. It may be noted
that we manually scaled the virtual height at 4 MHz frequency to obtain drifts. In the virtual height method,
the drifts are obtained by using the rate of change of layer height with time when no production or recom-
bination takes place. These drifts are used extensively for drift measurements [e.g., Jayachandran et al., 1993].
The contour map of day-to-day variations in the zonal drifts shown in Figure 8a is also plotted. The observa-
tions show clearly the enhancement of vertical drifts during evening hours in both methods. This suggests
that we can use CADI Doppler drift measurements to understand the dynamics of the equator. The observa-
tions also suggest that these drifts have strong seasonal variation where they show that equinox has higher
vertical drifts than other seasons. Detailed look at the observations suggests that, in addition, these drifts also
show equinoctial asymmetry in their drifts where it is found that autumn equinox has higher vertical drifts
than that of vernal equinox. Since similar equinoctial asymmetry in PRE is observed independently from both
Doppler drift technique and from the rate of change of virtual height method, the Doppler drift method
seems reproducing the drifts properly. Also, such asymmetry is noticed in the zonal drifts as can been in
Figure 8a. To study the daily variation of Doppler drifts and drifts from virtual height at different times in
the post sunset hours, we have plotted the daily variation of these drifts in Figures 9a and 9b. It shows very
clearly that the trends are quite similar in both methods, though Doppler drifts are showing bit higher drifts.
In order to correlate the Doppler drifts with drifts from virtual height and SF model, we have plotted the
correlations between them in Figures 10a and 10b. Figure 10a shows the correlation of Doppler drifts with drifts
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Figure 8. The contour map of daily temporal variation of (a) zonal drifts. (b and c) The vertical drifts obtained by using
Doppler drift measurements and drifts obtained by using virtual height measurement at 4 MHz, respectively. (d) The SF
drift model for comparison is also shown. The white gap in all the plots represents the data gap.

obtained by using virtual height (km), while Figure 10b shows the correlation between Doppler drifts and drifts
obtained by using SF model using daily drifts at 18:30 IST. The correlation coefficient shows that while the
Doppler drifts correlate with that of the drifts obtained by using virtual height to a reasonable extent, however,
the SF model drifts show saturation at higher velocities when it is compared with Doppler drifts.

Since daytimeis believed to be driven by E region processes due to high conductivity, we studied the correlation
of zonal drifts with EEJ strength at different times during daytime. The correlation plots are shown in Figures
11a-11d for different times. Woodman et al. [2006] have shown that daytime drifts are influenced by primary
kilometer-scale EEJ irregularities. The correlation plot suggests that they have good correlation at different
times but slopes are negative. When we calculated the correlation coefficient (R) between them, the correlation
coefficient is found to be on the order of 0.5 to 0.63 at different times with negative slopes indicating that they
are negatively correlated;i.e., zonal drifts are eastward (westward) when EEJ strength is less (more). However, it
may be mentioned that further study is needed because the daytime Doppler drift velocity may be poor now.

3.5. Day-to-Day Variability in Spread F Occurrence/L-Band Scintillations (2012)

In order to relate the drift velocities presented above with spread F occurrence or GPS L-band scintillations,
we have studied the spread F occurrence or GPS L-band scintillations in Figures 12a-12c. The panels in the
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Figure 11. (a-d) The correlation of zonal drifts with EEJ strength at different times during daytime.

figure from top to bottom show the daily variation of (a) monthly solar flux, (b) L-band scintillations, and (c)
occurrence duration of spread F irregularities in ionograms over Tirunelveli for the year 2012. While gaps in
the bottom two panels show the data gap. The observations show that spread F/scintillations are strong
when drifts are strong. These observations show that spread F/scintillations are strong during equinox peri-
ods. However, these observations also show equinoctial asymmetry in their occurrence where occurrence of
spread F is more during autumn equinox than vernal equinox. However, this equinoctial asymmetry is differ-
ent from the usual asymmetry reported in the literature where occurrence of irregularities/scintillations is
seen more during vernal equinox than autumn equinox [e.g., Sripathi et al.,, 2011, and references therein].
In addition, the observations also show early occurrence of spread F/scintillations during autumn equinox
than vernal equinox.

4, Discussions

The equatorial vertical and zonal drifts over Tirunelveli presented above show the following characteristics:
(a) enhancement of vertical drifts during PRE times, (b) westward zonal drifts during daytime and eastward
drifts during nighttime, (c) good correlation between EEJ and daytime zonal drifts, (d) higher Doppler drifts
than h'f (km) method and SF model drifts, (e) seasonal variation of vertical drifts in the evening hours wherein
equinox has larger vertical drifts followed by winter and summer, (f) the vertical drifts are also having
equinoctial asymmetry where autumn equinox sees higher vertical drifts than vernal equinox which is in
association with spread F and L-band scintillation observations, and (g) shears in the zonal drift prior to
ESF onset. Higher Doppler vertical drifts as seen here could possibly be due to high sampling (~1 min) of
Doppler drifts, which measures individual scattering points. However, in the virtual height (km) method,
we are measuring average drift velocity of the ionization layer, which is the average drift. Because of this
difference, possibly, we are getting higher Doppler drifts than virtual height method. Other possibility is
the number of scattering points that go for drift estimates in CADI. We had a threshold of five scattering
points above which we considered as a signal. Unlike DPS system, CADI system does not receive more
scattering points. However, when we compared both of them, even though CADI system does not have more
number of scattering points still we could get better estimates of the drifts. So we believe that may be due to
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different resolutions of Doppler drifts and virtual height (km), respectively, we are getting higher drifts in
Doppler drifts. On the other hand, Kouba and Knizovd [2012] investigated digisonde drift data with larger data
over midlatitude station Pruhonice and suggested that Doppler drifts do provide valuable information about
ionospheric drifts even at the time of low number of scattering sources. While keeping the importance of
valuable information this system can provide, we have investigated the drifts in a detailed manner.

Namboothiri et al. [1989] have studied the diurnal variation of vertical drifts by using HF radar over
Trivandrum and showed that they are upward during daytime, higher vertical drifts during PRE periods
and downward during nighttime. They further showed that drifts during PRE period vary as per solar flux,
season, and magnetic activity levels. Since we do not have other long-term drift data, we could not check
the solar flux variation. During the year 2012, solar flux is almost constant during equinoxes and winter
season, however, with higher flux values during summer season. The mean solar flux varied between 93
(min) sfu during equinox to 126 (max) sfu during summer during the period under consideration in this paper
(see Figure 10a for details). Subbarao and Krishnamurthy [1994] have also studied the post sunset F region
vertical drifts and suggested that there is a quasiperiodic fluctuation in the vertical drifts with periods in
the range of 4-30 min superposed on a steady vertical drift. They attributed these fluctuations to internal
gravity waves which are needed for spread F occurrence. Closer look at the observations suggests that we
do see such oscillations in our vertical drifts; however, we will investigate these small-scale variations exclu-
sively in another work. Using HF Doppler radar, height gradient in the vertical drifts is studied over Indian
region [Sastri et al., 1995; Prabhakaran Nayar and Sreehari, 2004]. They suggested that positive height gradi-
ent of vertical drifts below the F layer peak may be suggestive of altitude dependence of relative contribu-
tions of E and F region dynamos to the electric fields responsible for variations in the plasma drifts.

The vertical and zonal drift velocities obtained by using Doppler drift technique of digisonde are compared
with co-located incoherent scatter radar over Jicamarca [Bertoni et al., 2006; Woodman et al., 2006]. Bertoni
et al. [2006] have shown that digisonde drifts are in agreement with incoherent scatter radar (ISR) drifts dur-
ing evening hours (until 22:00 LT). Also, their drifts are in good agreement with ISR drifts during postmidnight,
sunrise, and magnetically disturbed periods when bottomside F layer is above ~300 km height. They sug-
gested that vertical drift velocities measured by digisondes are reliable for studies of ionospheric phenomena
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during sunset and evening hours and also during some late night and sunrise hours as well as during mag-
netically disturbed events. They have noticed consistent differences between the ISR and digisonde vertical
drift on some daytime occasions, which they interpreted to be due to the photochemistry that affects the
refractive index along the path of the HF radio waves. On the other hand, Woodman et al. [2006] have shown
that digisonde vertical drifts showed good agreement with ISR drifts whenever PRE dominates. However,
they suggested that while vertical drifts could be contaminated by production or recombination during day-
time, F region zonal drifts can be used when the F region is structured and the E region density is low. Further,
they have shown that the daytime zonal drifts as obtained from their ionosonde could be driven by zonal
kilometer-scale EEJ irregularities over equator. As a result, they suggested that during daytime only E region
zonal drifts and not F region zonal drifts are obtained. Now since we do not have simultaneous radar obser-
vations to check daytime E region drifts and their correlation to ionosonde zonal drifts to prove that EEJ irre-
gularities are responsible for zonal drifts, we tried to compare our zonal drifts with EEJ strength as EEJ can be
used as a proxy for EEJ irregularities. Our comparison showed good correlation with EEJ strength, suggesting
that these zonal drifts are indeed driven by E region processes when E region is dominant. It also may be
noted that there is a report that mesosphere-lower thermosphere (MLT) region winds are contaminated in
MF radar observations due to E region plasma irregularities [Ramkumar et al., 2010]. They showed that zonal
drifts of 100-200 m/s in the MLT region could be due to E region plasma irregularities. Tiwari et al. [2003] have
compared the Doppler drift velocities by using simultaneous HF and VHF observations over Trivandrum and
suggested that Doppler velocities could be on the order of 150-200 m/s in the E region, which is in agree-
ment with our zonal drifts. Further, they showed that these drift velocities are scale size-dependant, which
means that drift varies with scale size of the probing wavelength. Similarly, using spaced receiver VHF scin-
tillation measurements, recently, Yadav et al. [2015] have shown that zonal drifts are having drift speeds
on the order of 120 m/s. On the other hand, the temporal variations of zonal drifts also suggest higher east-
ward drifts during evening hours at PRE times, while they show slow reduction of these drifts to westward in
the late nights. Interestingly, zonal drifts also show its higher eastward drifts during autumn equinox when
vertical drifts also show higher vertical drifts. Bhattacharyya et al. [2001], on the other hand, have shown
the eastward drifts by using spaced receiver scintillation technique. They have shown that while eastward
drifts reach the maximum of 200 m/s during 20:00 LT, later these drifts slowly reduces to 100 m/s at about
midnight sector. Using optical observations of plasma plume in airglow, Taori and Sindhya [2014] have calcu-
lated the nighttime zonal drifts. Their drifts do suggest that nighttime zonal drifts increase to 150 m/s at 20:00
LT over Indian region. Fejer et al. [1991] have studied the F region zonal drifts by using Jicamarca incoherent
scatter Radar in South American region. They have shown that zonal drifts are westward during daytime,
while they are eastward during night. Further, they have shown that the zonal drifts do not vary with season,
solar flux, and magnetic activity during daytime. However, they have shown that F region zonal drifts vary
with solar flux and magnetic activity during evening hours and nighttime. Previous studies over Indian region
have shown that F region exhibits altitude variation around dusk sector where lower altitudes show westward
and higher altitudes show eastward. Due to this altitude variation, zonal shears are generated, which are
important for spread F onset. The observations presented here also suggest that zonal drifts are westward
during daytime and they do not vary with season and local time during daytime, which is in accordance with
observations of Fejer et al. [1991]. However, in the nighttime, they move eastward with mean velocity of
~100m/s in the premidnight period and then reduces slowly in the postmidnight period, which follows
the trend as per the earlier observations. Also, our observations suggest that there is a strong variability of
the zonal drifts around dusk sector, which seems to vary with season. The observations presented in this
paper suggest that due to variability in the zonal drifts, zonal shears are produced, which is required for
spread F onset. When we compared these zonal shears during different seasons, it is seen that this shears
are more during autumn equinox than vernal equinox, which could be providing more favorable conditions
for the spread F onset, which may be one of the reasons for having strong spread F/scintillations in the
autumn equinox than vernal equinox.

Recently, Patra et al. [2014a] have compared the vertical drifts obtained by using 150 km echoes at Gadanki
and C/NOFS ion drift measurements and suggested that 150 km echoes do represent vertical drifts during
daytime. In fact they also compared their drifts with EEJ strength on monthly basis and found that they
are in good agreement [Patra et al., 2014b]. While their drifts are comparable to C/NOFS ion drifts in magni-
tude, however, SF drift model could not reproduce these drifts when drifts are either lower or higher. Also,
day-to-day variations in the drifts could not be comparable to that of C/NOFS drifts. They also suggested that
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reason for this variation on day-to-day basis is due to differences in probing volume with which these instru-
ments are sensing where there could be variations in thermospheric tides and gravity waves. Our observa-
tions suggest that SF model drifts are lower as compared to Drift model. Due to large day-to-day variability
and due to different modes of operation, our results may be showing poor correlations. Using h,,,F> method,
Oyekola et al. [2007] have also studied the vertical drifts over African region by using ionosonde. They showed
that their PRE drift variations are in good agreement with solar flux variations. More recently Joshi and Sripathi
[2016] have studied the daytime vertical drifts by using ionosonde, and a correction factor is being identified
and is applied based on neural network technique. These drifts were also compared with C/NOFS ion drifts
and EEJ strength. The correlation is reasonably in good agreement with satellite drift measurements. Using
vertical and zonal drifts in the evening hours as measured by using HF Doppler radar, it is shown that it is
possible to study the plasma vortex in the evening ionosphere, which is believed to be responsible for the
generation of ESF onset [Sreehari et al., 2006; Mathew and Nayar, 2012]. So our observations of higher varia-
tions of zonal drifts at the time of PRE time indicate that plasma vortex indeed existed at this time. However,
we need to examine the altitude structure to examine it. It may be pointed out that we have seen higher
scintillations during autumn equinox during the same year, which could be believed to be due to combina-
tion of higher vertical drifts and shears in zonal drifts during this period. So the observations presented here
suggest that CADI does reproduce the drifts at Indian low latitudes and may be used effectively to study the
electrodynamics of the low latitudes.

5. Concluding Remarks

We presented temporal and seasonal characteristics of quiet time vertical and zonal drifts by using Doppler
interferometry technique using Canadian ionosonde at Tirunelveli. The observations suggest that seasonal
variations of evening hour vertical drifts are high during equinox followed by winter and summer, respec-
tively. However, there exists an equinoctial asymmetry in the drifts where in autumn equinox sees higher
drifts which are in agreement with spread F or L-band scintillations. The vertical drifts so obtained are com-
pared with digisonde drifts at Trivandrum, SF model, and drifts calculated by using virtual height. Case study
presented here showed that the CADI drifts are able to reproduce digisonde drifts with comparable magni-
tude. On the other hand, the drifts calculated by using Doppler drift technique showed reasonable agree-
ment with drift measurements made by using drifts obtained from virtual height in terms of trends.
However, the drifts calculated by using virtual height and SF model appear to be relatively low. On the other
hand, the zonal drifts are found to be westward during daytime with mean drifts of 150-200 m/s and are
negatively correlated to the EEJ strength, indicating that they are driven by E region dynamo, while they
are eastward during nighttime with mean drift magnitude of 100 m/s, which are in agreement with F region
dynamo. The eastward drifts are also found to rise to its maximum velocities at about 20:00 LT prior to its gra-
dual reduction. The zonal drift velocities as obtained here are comparable with same drifts measured over
Indian region by using other techniques. The zonal drifts presented here are relatively higher during autumn
equinox prior to PRE period than vernal equinox when strong ESF irregularities are present indicating that
zonal drifts also may be playing its role in ESF onset. Hence, based on these observed results, it suggests that
CADI Doppler drifts obtained at Tirunelveli indeed can be used for routine drift measurements that are
relevant for understanding the variable ionosphere over Indian longitudes.
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