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Abstract

The low-latitude ionosphere is a dynamic region with a wide range of disturbances in tem-
poral and spatial scales. The Giant Metrewave Radio Telescope (GMRT) situated in the
low-latitude region has demonstrated its ability to detect various ionospheric phenom-
ena. It can detect total electron content (TEC) variation with precision of 1 mTECU and
also can measure TEC gradient with an accuracy of about 7x10~* TECU km™~!. This
paper describes the spectral analysis of previously calculated TEC gradient measurements
and validates them by comparing their properties using two bands. The analysis tracked
individual waves associated with medium-scale traveling ionospheric disturbances (MSTIDs)
and smaller waves down to wavelengths of ~10km. The ionosphere is found to have unan-
ticipated changes during sunrise hours, with waves changed propagation direction as the
sun approached the zenith. Equatorial spread F' disturbances during sunrise hours is ob-
served, along with smaller structures moving in the same direction.

Plain Language Summary

The Earth’s ionosphere can limit exploring sub-GHz frequencies of the sky and in-
troduces an extra phase term that is difficult to calibrate. The same calibration data can
be used to study the Earth’s ionosphere more precisely than conventional probes. Ra-
dio interferometry is a technique for studying astronomical sources and Earth’s ionosphere
by measuring the spatial coherence function of multiple elements. The GMRT is a unique
instrument for exploring the equatorial ionosphere region. This study used dual-band
observations of a bright radio source with the GMRT to explore the Equatorial Ioniza-
tion Anomaly region. The GMRT can detect variations in total electron content and mea-
sure TEC gradient with high accuracy. Spectral analysis was performed on TEC gra-
dient measurements to track individual waves associated with medium scales traveling
ionospheric disturbances and smaller waves up to wavelengths of about ~ 10km. The
results showed unexpected changes in the ionosphere during sunrise hours and observed
large plasma irregularities and smaller structures moving in the same direction.

1 Introduction

Radio-frequency arrays, especially those that operate in the low-frequency range
(<1 GHz), are a potent but comparatively underutilised tool for remote sensing. They
are mostly used to observe cosmic sources and were built as synthesis telescopes. To mit-
igates the effects of the ionosphere, radio interferometers need detailed calibration schemes.
However, the same calibration data is seldom used to detect and study the Earth’s iono-
sphere.

Radio interferometers measure ‘Spatial Coherence Function’ (Thompson, 1999), where
an additional phase term is introduced because of the ionosphere. This phase is propor-
tional to the difference in TEC along the line of sight between two-array elements. Thus,
these extra phase term can be easily converted to differential TEC (§TEC) with an ac-
curacy of 1073 TECU (Mangla & Datta, 2022; Mevius et al., 2016) or better (Helmboldt
et al., 2012a). Interferometers are effective tools for studying ionospheric dynamics due
to their increased sensitivity to measure TEC gradients compared to traditional probes
such as Radars, ionosondes, and the Global Navigation Satellite System (GNSS). Re-
cently, they are also used to study Travelling Ionosphere Disturbances (TIDs; Jacobson
and Erickson (1992)) and even ionospheric scintillations (Fallows et al., 2020).

Using the Very Large Array (VLA), Jacobson and Erickson (1992, and references
within) measured phases from individual antennas by observing a single-bright source
and further performing spectral analysis to detect TIDs primarily associated with grav-
ity waves. Additionally, Helmboldt et al. (2012b) utilized a similar spectral analysis on
TEC gradient observations with the VLA to detect several small-scale structures and



medium-scale TIDs (MSTIDs). It was observed that the smaller scale disturbances prop-
agated in the same direction as the MSTIDs. Later, using VLA Low-frequency Sky Sur-
vey, Helmboldt et al. (2012) detected many wavelike disturbances at 74 MHz, by mea-
suring the positional shift of several bright radio galaxies to obtain fluctuation spectra
for the TEC gradient. Studying these spectra gave a detailed account from ionospheric
intraday variation to seasonal variation where turbulent activity appear to be significant
during the summer nighttime, winter daytime and during sunset in the spring near mid-
latitude region.

By utilising the night-time observation of the wide fields of view of the Murchison
Widefield Array (MWA), Loi, Trott, et al. (2015) conducted a power spectrum analy-
sis of ionospheric fluctuations (measured by positional offsets of several radio sources)
to reveals field-aligned irregularities (large electron irregularities elongated along the ge-
omagnetic field lines; Loi, Murphy, et al. (2015, 2016)) and other wave-like phenomena
including TIDs (Loi, Cairns, et al., 2016). Later, Helmboldt and Hurley-Walker (2020)
utilized the GLEAM Survey (Wayth et al., 2015) of the MWA, to generate images of iono-
spheric structures present during the observations. Furthermore, spectral analysis of these
images provided evidence of distinct features of ionospheric activity, including the gen-
eration of MSTIDs in conjunction with sporadic E layer (Es) events during nighttime.
A recent analyses with the LOw Frequency ARray (LOFAR), GNSS and ionosondes, Fallows
et al. (2020) revealed breaking down of large-scale ionospheric structure into smaller-scales,
giving rise to the scintillation.

Although, above mentioned studies are done with radio telescopes, these studies
are limited to mid-latitude region due to geographical location constraints. This makes
the Giant Meterwave Radio Telescope (GMRT; geophysical latitude and longitude: 19° 05’
N and 74° 03’ E; geomagnetic latitude: 10°40’ N) a unique instrument to study the iono-
sphere in low-latitude region. It is important to note that, GMRT is located in the geo-
physically sensitive region between the magnetic equator and the northern crest of the
Equatorial Tonization Anomaly (EIA; Appleton (1946)) in the Indian longitude sector.

In our most recent study (Mangla & Datta, 2022), we explored the techniques for
deriving ionospheric data from calibration of the GMRT data. We successfully achieved
a typical 6TEC precision of 1073 TECU while monitoring a bright radio source. We also
demonstrated methods for measuring the TEC gradient with an accuracy of about 7x
10~ TECU km ! since arrays like this are essentially only sensitive to the TEC gradi-
ent. Here, we propose spectral analysis methods for these TEC gradient observations in
an effort to further this project. We will show that these techniques can find and describe
a number of medium- to small-scale phenomena, as well as give a general statistical de-
scription of the spectrum of TEC variations.

The present paper is outlined as follows: in Sec. 2 we summarise our observations
with GMRT and computed TEC gradient measurements. In Sec. 3, we outlined the spec-
tral analysis method to estimate the properties of ionospheric structures using GMRT
observations and provide limitation of how much smaller waves may be detected using
this method. Finally, in Sec. 4, we conclude our results and discussion.

2 Observation and TEC gradient measurements

A nearly 9-hour observation with GMRT of a cosmic radio source (3C 68.2) served
as the basis for this analysis. The observations were taken simultaneously at 235 and 610 MHz
on the night of August 5 and 6, 2012. The observations consisted of each ‘scan’ (block
of time) of nearly one hour, except scan number four, which is nearly five hours contin-
uous observation during mid-night to post-sunrise hours with a temporal sampling of 0.5s.
Furthermore, a moderate level of geomagnetic activity (K, index ~ 1-3) and a moder-



ate level of solar activity (F10.7 = 137.9 SFU; 1SFU = 1022 W m? Hz 1) were both present
throughout the observation.

Measured TEC gradients using the GMRT are extensively described in detail in
Mangla and Datta (2022). In brief summary, the ionosphere introduces an extra phase
term, proportional to the difference in TEC (or {TEC), measured along the line of sight
of a pair of antennas. This makes the radio interferometers sensitive to TEC gradients,
rather than the absolute TEC value. However, due to the Y-shape of the GMRT (con-
sisting of northeastern, northwestern, and southern arms), it is challenging to accurately
measure the TEC gradient and perform Fourier inversion on it. Mangla and Datta (2022)
utilised two methods (previously discussed by Helmboldt et al. (2012a)) to address this
issue. The first method involves estimating the full 2-D TEC gradient over the array, uti-
lizing a second- and third-order polynomial (Taylor series) at each time step. This method
can recover the large, long-period disturbances that are present during the observation.

The second approach involves computing the projection of the TEC gradient along
each arm of the GMRT at each time step. This method provides limited directional in-
formation, while the polynomial-based method tends to miss or dampen small-scale fluc-
tuations. For the purposes of this paper, we will only be conducting spectral analysis of
TEC gradients computed using the polynomial-based method. The following section will
outline the procedure used to spectrally analyze the time series of TEC gradients derived
through the polynomial-based method.

3 Spectral Analysis
3.1 Methodology

The Fourier-based approach using TEC gradient measurements obtained from the
polynomial method is used to detect and analyze individual or groups of waves passing
over the array. This method was previously utilized by Helmboldt et al. (2012b), to ac-
count for wavefront distortions and detect multiple wavefronts simultaneously.

The primary objective is to improve the array’s spatial coverage by considering the
source apparent position and movements of ionospheric disturbances, which have differ-
ent speeds, wavelengths, and directions. To estimate the properties of each structure,
the TEC fluctuations are approximated as a combination of multiple oscillating modes,
each having the specific form

TEC(t) = 7, expli(wt — kyx — kyy)] (1)

where 7, is the amplitude which varies perpendicular to wavefront distortions, w is the
oscillation frequency and k, & k, are the wave number for position = (North-South) &
y (East-West) respectively. For a single Fourier mode, the Fourier transforms of the par-
tial derivatives with respect to x and y are:

D, (w;z,y) = {887; — ikaw} x exp|—i(kzx + kyy)]
oty . .
Dy(wina) = | 5 = iy | x conl-illez + k) @)

Mangla and Datta (2022) employed polynomial series method to estimate TEC in
the plane transverse to the line of sight. This method assumes that TEC can be repre-
sented by a two-dimensional, third-order polynomial, such that the difference in TEC
between two antennas ¢ and j can be represented as
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where x and y are the antenna positions projected onto the transverse plane in the
north-south and east-west directions, respectively. At any given time, this method has
the capability to replicate most of the structure observed. Subsequently, the polynomial
coefficients time series can then be Fourier transformed to decompose the transverse gra-
dient in TEC into the Fourier modes (Helmboldt et al., 2020), such that

Dy(wiz,y) = Po(w)+2P2(w
+ 2Pr(w)zy + Ps
Dy(w;z,y) = Pi(w)+2P3(w
+  Pr(w)r? + 2R

w)x + P4( )y + 3P5(w)z?
w)y?
w)y + Py(w)z + i’)]-jﬁ(w)y2
)zy (4)

where D, and D, represent the Fourier transforms of the north-south and east-west com-
ponents of the TEC gradient, respectively, while P, (w) corresponds to the Fourier trans-
form of p,(t). By expanding equation 2 using Taylor series and comparing the variables
(v, y, 22, y?, xy) with equation 4 for respective D, and D,, the wave number vector com-
ponents (k; and k,) for each mode can be approximated as

)
(
)
(w

Since there are two estimators for both k, and k,, a weighted average is utilised,
with the weights being |Py|? and |P;|2. It is to be noted that in the above equation Ps
to Py are not considered as they will induced higher-order effects (explained in Appendix
Appendix A). We also estimated the spectral power, wave speed and azimuth (propa-
gating wave direction) respectively as

P = |F{ATEC}|” (6)

Ve 2 (7)

\/ k24K

Az ~ tan~! (Z) (8)

x

3.2 Derived Wave Properties from GMRT data

Polynomial-based TEC gradient fits are used to compute the power as a function
of time and frequency at two separate frequency bands (235 and 610 MHz) by perform-
ing discrete Fourier transforms (DFTs) on the time series of polynomial coefficients. To
enable the use of DFTs, which work best with evenly sampled data, the missing time steps
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Figure 1: Spectral properties at 235 and 610 MHz. In all three panels (a, b, and ¢), the
white contours are of spectral power. (a) The normalised power in the direction of the
wave number vector as a function of temporal frequency (y-axis) and local time (x-axis).
Similar structures are present in both bands, in addition, more smaller structures are vis-
ible in 235 MHz band compared to 610 MHz band. (b) The wave speed of each Fourier
mode with power significantly larger than background noise.(c) the propagation direction
or azimuth angle (measured clockwise from North through East) of wave number vector,
using the same masking as in the (b) panel. (d) Using power spectra at 235 and 610 MHz,
Pearson correlation coefficient is computed, which is calculated independently for each
time step.
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of 10 min between each scan were filled with zeros (a process called ‘zero-padding’). The
DFTs are performed with a sliding window (‘Hamming window’) of one hour for frequen-
cies up to 10hr~! (or, period > 6.0 min), as the same one hour is used to de-trend the
dTEC data (Mangla & Datta, 2022). Choosing Hamming window will diminish the ring-
ing effects that might form due to the zero-padding. The power is computed for a pe-
riod of 30 min before and after the observing run.

Therefore, the DFT's of each polynomial coefficient is used to calculate the power
as a function of temporal frequency and time for the two bands. Fig. 1(a) displays the
normalised power for bands 235 and 610 MHz. Although random fluctuations are com-
monly observed, significant wave detections above the background are observed in mul-
tiple cases. Most of these waves are observable at frequencies ranging from 0.5 to 4 hr—!,
or periods between 15 and 120 min, which is typical behaviour of MSTIDs. To isolate
such detections, a mask is produced by determining the median and median absolute de-
viation (MAD) within elliptical ‘annuli’ around each pixel with a size of 1.5hr in local
time and 2hr~! in frequency. A pixel exceeding two times the MAD over median for its
annulus is considered a detection above the background.

The wave’s speed and propagation direction or azimuth angle (measured clockwise
from North through East) are calculated as a function of local time and temporal fre-
quency using equations 7 and 8. The same mask is used to display both the wave speed
and azimuth angle for the detection, which were shown in Figs. 1(b) and 1(c) respec-
tively for 235 and 610 MHz bands.

To determine whether the wave structures in the two frequency bands are similar,
we computed the Pearson correlation coefficients. Fig. 1(d) shows the correlation coef-
ficient computed independently for every time stamp, with the grey vertical lines indi-
cating the time stamps where zero padding is used. The normalised power is highly cor-
related, especially for the longer duration of scan (scan no. 4; nearly 5hr), emphasizing
the importance of continuous data for spectral analysis in ionospheric studies. There are
more detections visible in the 235 MHz band compared to the 610 MHz band, indicat-
ing the dependence of refraction on the observable frequency. The correlation coefficient
time series is partially correlated or decorrelated where the scan is very short or the de-
tection is less above the background. A substantial number of detections, including small
structures, are highly correlated between local times of 05:00 and 06:00 hours, suggest-
ing that the Earth’s ionosphere varies before dawn. Additionally, several small-scale struc-
tures are detected in the direction of a pre-existing MSTID, which is towards the east-
ward.

Based on the highly correlated coefficient observed in Fig. 1(d), we have selected
three events indicated by A, B and C in the Fig. 1(a). We have calculated the proper-
ties of the events using the method described in Section 3.1 and presented the results
in Table 1. Events B and C show agreement in wave speed and azimuth angle, while event
A only partially agrees. The wave speed in the two band for event A is approximately the
same, but the propagation direction is out of phase by approximately 180°, which may
be due to scintillation observed in the higher order terms of polynomial fitting at 235 MHz
data (Mangla et al., 2023).

3.2.1 Mean Power Spectra

A more statistical description of the observed set of TEC variations may be pro-
duced using the polynomial-based methodology. While Figure 1 provide useful informa-
tion for locating and evaluating specific instances of waves or groups of waves, we pre-
sented average power as a function of projected wave number inside bins of wave num-
ber (k) for each of the one-hour blocks of time in Figure 2. The shaded part represents
the average power, and the solid line signifies the median in that region. Additionally,
we included the corresponding ‘noise-equivalent’ spectra (dashed lines) for 235 and 610 MHz
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in blue and green, respectively. The noise-equivalent spectra are computed using the fol-
lowing method:

1. First, by performing the 2D polynomial fitting on the dTEC measurements on each
of the bands and mean dTEC measurement. This process is very well explained
in Mangla and Datta (2022).

2. Then by performing the DFTs on the difference between the individual fits and
fit to the final mean JTEC time series.

3. And lastly, to get the noise-equivalent spectra, the same analysis is performed on
the residual DFTs which is detailed in Sect. 3.1.

In Figure 2, we can see the resulting ‘noise-equivalent’ spectra. These spectra are the
average spectra computed within each one-hour block. The average power spectra (shaded
region) intersect with the noise-equivalent spectra of that band, which is around ~ 0.6 km~*
(dashed grey line) and is clearly seen in the figure corresponding to panels 03:00 < 04:00
and 06:00 < 07:00. This intersection suggests that the method is capable of detecting
substantial power of structures that are smaller than half the size of the array, approx-
imately 10km or k ~ 0.6km~!. Many structures are also visible in Fig. 1(a), which

can be identified as noticeable bumps above the background at wave numbers ranging

from 0.015 — 0.12km~!, which corresponds to wavelengths of about 50 to 500 km in

the majority of the panels and consistent with the known properties of MSTIDs.

4 Results and Conclusions

Our work showed that the GMRT instrument can efficiently study ionospheric fluc-
tuations using a long observation of a bright radio source. For the aforementioned ob-
servations, the 1o uncertainty in the TEC measurements is 1 mTECU, in both the 235
and 610 MHz bands [see Mangla et al. (2023) and Mangla and Datta (2022), respectively].
This level of sensitivity achieved by the GMRT is ten time better than that with GNSS
measurements (HerndNdez-Pajares et al., 2006).

Spectral analysis technique can detect multiple MSTIDs simultaneously, and the
wave structures in both bands are similar, as shown in Fig. 1(a), with high correlation
confirmed by the Pearson correlation coefficient computed at each time step. The nor-
malized power is highly correlated, particularly in scan no. 4, which lasted over 4 hours.
Thus, ionospheric studies using spectral analysis would provide better results, if contin-
uous observation of bright radio source is taken. Furthermore, Fig. 1(a) suggest possi-
ble MSTIDs candidates with periods between 10 and 30 min, or longer, and estimated
speeds between 50 and 150 ms~!, which is similar to nighttime MSTIDs in the North-
ern Hemisphere (Crowley & Azeem, 2018). During summer, nighttime MSTIDs primar-
ily propagate southwestward (Tsugawa et al., 2007; Otsuka et al., 2013), likely gener-
ated by the ionosphere’s electrodynamics. Mid-latitude daytime MSTIDs mostly prop-
agate southeastward and are likely generated by acoustic gravity waves (Kotake et al.,
2007).

This work also identified a group of waves between local hours 05:00 and 06:00, in-
dicating unexpected ionospheric changes during sunrise, similar to those anticipated dur-
ing sunset (HernaNdez-Pajares et al., 2006). Additionally, polynomial-based methods
can detect structures as small as 10km , showing the GMRT’s ability to detect ionospheric
variations at such small wavelengths. Among the many detected waves present intermit-
tently throughout the night and turbulent fluctuations seen at all times, the waves ap-
pear to change direction after sunrise. This phenomenon is visible in both frequency bands
for waves with oscillation frequencies between 3hr~! and 9hr—".

Our works key findings are summarized in table 2, along with other studies that
have examined the MSTIDs propagation characteristics using data with different instru-

—10—
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ments, methods, locations, and time periods. We see that the wave speed and wavelengths
obtained with the GMRT is comparable with the observed trend with GPS studies (HerndNdez-
Pajares et al., 2012) at similar geophysical latitudes. Also, to explore further, we have

also chosen three events on the basis of correlation-coefficient, that are shown in Fig. 1(a)

and named them as events A, B and C. The properties of these events are as follows:

4.1 Event A

During the entire observation run, a dominating pattern with a period of 1hr 10 min
and propagating at around 50ms~! is briefly observed in both bands, as shown in Fig.
1(d), near 03:40 Local time (UTC + 05:30). This pattern exhibits MSTID-like proper-
ties and resembling what has been observed during nighttime summer season at low-latitudes
using GPS studies (HerndNdez-Pajares et al., 2012). However, during the same time, iono-
spheric scintillation was likely observed at 235 MHz in the higher-order terms of poly-
nomial fitting (Mangla et al., 2023), which highlights a limitation of this method (to de-
termining the propagation speed accurately), as phase measurements for radio interfer-
ometers are sensitive to induced phase errors from ionospheric scintillation or other sources.
Furthermore, the Fresnel scale at an altitude of 300 km for 235 MHz is about 620 m. These
observations are therefore sensitive to structures at these scales. Helmboldt and Zabotin
(2022) also noted a similar correlation between TID activity and scintillation at 35 MHz
(Fresnel scale ~ 1.5km).

4.2 Event B

During dusk-time (05:15 to 06:15 Local time), eastward directed wave is observed
along with many small waves in both the bands. It is unusual to observe ionospheric wave
during sunrise as the ionosphere is in the state of transition and the dynamics are more
complex. However, this explains the formation of many small structures detected in both
the bands in the similar direction. It may also be the case that these smaller waves are
present inside the detected ionospheric structure propagating in the same direction. Fur-
thermore, from Fig. 2, one can also notice the two to three orders of magnitude less noise
in the panels displaying the duration of 05:00 < 07:00 local time.

However, it may be possible that these ionospheric disturbances are the cases of
equatorial spread F' (ESF) which occurs the daytime (typically around sunrise and sun-
set) at low-latitudes (Tsunoda & White, 1981; Sultan, 1996; Fejer et al., 1999; Pacheco
et al., 2011; Mrak et al., 2021). Furthermore, observed ionospheric structure has the pe-
riod and wavelength of 1 hr 33 min and ~ 300 km respectively propagating with a speed
of somewhere between 50 to 60ms ™!, which falls within the typical range of ESF. A more
comprehensive, statistical analysis of these phenomena appears to be necessary. Besides,
it is important to note that ESF is a complex phenomenon and is still not fully under-
stood, but it is known to have a significant impact on the ionosphere and the propaga-
tion of radio signals, especially in the equatorial regions. The study of ESF is important
for understanding the dynamics of the ionosphere, and for mitigating the impact of iono-
spheric disturbances on communication and navigation systems.

4.3 Event C

We observed northward moving MSTID briefly during the nighttime (02:15 Local
time) with a period of 24 min and wave speed of about 100 ms~! in both bands. Night-
time northward propagating MSTIDs are rare events in the northern hemisphere and Ichihara
et al. (2013) suggested that the northward propagation of MSTIDs is caused by grav-
ity waves. Similar event have been observed by Bhat et al. (2021) using the Airglow im-
ager in the Indian logitude sector.
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Furthermore, Shiokawa et al. (2006) discovered quasiperiodic southward-moving
MSTIDs during nighttime, likely caused by gravity waves in the thermosphere. Similar
studies by (Fukushima et al., 2012) also observed southward propagation of nighttime
MSTIDs and hypothesized that deep convection in the troposphere generates gravity waves
that contribute to the formation of MSTIDs. Both of these studies were conducted us-
ing 630.0 nm airglow observations in the Kototabang region of Indonesia, which is located
in the equatorial latitudes, but in the southern hemisphere. These studies is consistent
with our work, which shows that the propagation direction is toward poles.

The northward moving TIDs during night time (Event C), and eastward moving
TIDs during the sunrise time (Event B), may be attributed to gravity waves (GWs) that
have been filtered by the wind. Gravity waves that have undergone wind filtering tend
to propagate more easily in the opposite direction of the wind, while facing difficulties
propagating in the same direction as the wind. Based on the Horizontal Wind Model (HWM)
climatology (Drob et al., 2015), it is indicated that the winds within the F-region would
have been moving south by southwest around midnight and subsequently transitioning
to predominantly westward flow by 05:00 local time. Therefore, it is plausible to sug-
gest that the detected TIDs could be attributed to wind-filtered GWs. Similar phenomenon
is observed by Mukherjee et al. (2010) during summer time, using an All-sky imager in
Indian longitudinal region.

This work is just the beginning of using GMRT to detect MSTIDs. More work is
needed to automate the detection process and improve localization and propagation es-
timation. Simultaneous observations from GPS stations would be particularly valuable
in unraveling the microphysical nature of TIDs, as GNSS data primarily captures large-
to mid-scale behavior. In contrast, radio interferometers can provide insights into the
small-scale behavior, bridging the gap between these two scales and enabling a more com-
prehensive understanding of the microphysical processes driving TIDs formation and the
associated directional behaviors.

Additionally, due to greater spacial and temporal resolution of a radio telescopes,
they can provide high-quality measurements of ionospheric parameters that can be used
to develop more accurate and sophisticated models of the ionosphere, which will further
help to correct for ionospheric delays in Interferometric synthetic aperture radar (InSAR)
and geodetic instruments data. This is important because ionospheric delays can cause
errors in InSAR measurements of ground deformation, particularly for long-wavelength
signals. In addition, radio telescopes can provide information on ionospheric irregular-
ities and scintillations, which can affect the propagation of radio signals and cause er-
rors in navigation and communication systems. By combining data from InSAR and ra-
dio telescopes, researchers can improve their understanding of the ionosphere and its ef-
fects on geodetic and communication applications.

Open Research

All the radio observation data used in this study are available in the GMRT On-
line Archive (https://naps.ncra.tifr.res.in/goa/data/search) with proposal code
22_064. Solar and geomagnetic indices are obtained from the OMNIWeb services (https://
omniweb.gsfc.nasa.gov/ow.html).
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Appendix A Higher order effects

By comparing equations 2 and 4, we also get the estimators for k, and k, from the
higher order terms which are as follows

2w = - (F2w) =- (3w)

Assuming Icg = Ae'?, gives

Ky = {\/Zei((g“”r) for n is even (A2)

(¢4 n .
\/Zez(5+5“) for n is odd
For each k, and k,, there are two values, one positive and one negative, corresponding
to two directions of each wave vector. This creates a problem when calculating the ac-

tual propagation direction from equation 8. To avoid considering higher order effects,
these equations are not used to estimate the wave vectors.
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