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Abstract. This paper includes the study of
diurnal, monthly, annual and seasonal variation
of total electron content (TEC) at low, mid and
high latitude in the Northern Hemispheric
region. We have also correlated the TEC
variation with the solar proxies (viz. Dst, Kp
index, F10.7 cm and sunspot number). This
study was carried out during low solar activity
period of 24th solar cycle i.e. from January
2016 to December 2016, at the three latitudes
namely Mangilao, US (GUUG) at 13.44°N,
144.80°E, Urumgi, China (URUM) at 43.82°N,
87.60°E, and Ny-Alesund, Norway (NYAL) at
78.92°N, 11.86°E. We observed some unique
feature like sinusoidal pattern of diurnal TEC
and semiannual oscillation of seasonal TEC. We
also observed that the highest values of diurnal
and monthly TEC were obtained at low latitude
station GUUG Mangilao. It is also seen that
maximum seasonal TEC at low, mid and high
latitudes was obtained during equinox.
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Introduction

Latitudinal variation is one of the most significant fac-
tors that affect ionospheric total electron content (TEC).
It is related to the location of the subsolar point and
peculiarities in dynamical processes of the upper atmo-
sphere of the Earth [Klimenko et al.,[2016]. The largest
magnitude of solar energy is absorbed in low latitude
(£30°) in both hemispheres [Abdu et al., [1995]. This
leads to higher ionization in this region. Therefore the
low latitude region exhibits a number of unique phe-
nomena, such as equatorial electrojet (EEJ), equatorial
ionization anomaly (EIA), plasma fountain, equatorial
wind and temperature anomaly etc. [Jayachandran et
al.,[1997]. The equatorial ionosphere being highly vari-
able posses serious threats to communication and nav-
igation systems [Akala et al., 2010} [2011] 2012]. The
mid-latitude ionosphere is a relatively less variable re-
gion, therefore, most of the ionospheric observations
and measurements are obtained in this region [Akala
et al., 2013a]. The high latitude/polar ionosphere is
sensitive to the perturbation events, as it is intensively
connected to the outer space by the geomagnetic field
lines. It is perceived that ionospheric variability at low,
mid and high latitude is due to variations in the ex-




ternal forces that originate from the thermosphere, the
magnetosphere, and the lower atmosphere [D'ujanga
et al., 2012 Fayose et al., 2012} Schunk et al., 2002].
Apart from latitudinal variation a number of researchers
have investigated morphological features of TEC such
as the diurnal, monthly, seasonal and solar activity vari-
ation using various techniques around the globe e.g.
in Africa, [D'ujanga et al., 2012} Fayose et al., 2012
Oron et al., 2013} Ouattara and Fleury, 2013} Zoundi
et al., in South East Asia [Walker et al., [1994],
in South America [Akala et al., R013b} de Abreu et al.,
; Natali and Meza, ; Sahai et a/., , over
China [Liu et al., 2013} Zhao et al., , over North
America [Huo et al., 2009 Perevalova et al., 2010Q],
over Japan [Mansoori et al., 2016} Zakharenkova et
al.,[2012], over Brazil [Venkatesh et al., [2014a| 2014b,
2015] and many more. lonospheric TEC variations have
been investigated in the Indian region also at Surat
[Chauhan et al., P011} Karia and Pathak, [2011], Agra
[Nilesh et al., 2017] and many other. The ionospheric
plasma density shows significant variations with time,
position, geomagnetic and solar activities which can re-
sult in a change of most of the ionospheric parameters
as total electron content. TEC is expressed in units of
TECU (1 TECU = 10 electrons per square meter),




it can be defined as of the total amount of electrons
from satellite to receiver path in a single square meter
cross-section area.

The total TEC is defined as the total numeral of free
electrons along the path of electromagnetic wave from
satellite to receiver. Slant TEC or STEC is a measure of
the total electron content of the ionosphere along the
ray path from the satellite to receiver. It is a quantity
that is dependent on the ray path geometry through
the ionosphere, whereas the equivalent vertical value
of TEC is independent of the elevation of the ray path

[Bagiya, [2009].
STEC is converted to VTEC by using the formula:

satellite
TEC = / N ds

eceiver

where N is electron density [Bagiya, [2009].
VTEC = STEC/0O(©)

Two quantities are related by an obliquity factor O (©),
where O (©) is represented as

1

0(®) = R. cos ©

cos[arcsin(m)]
(S



[Liu et al., [2013], where R. is the mean radius of
the Earth and h; is the effective ionospheric height
(400 km). The variation in TEC intensively affects
GPS-based communication and navigation system [Ap-
pleton, ; Martyn, . The global positioning
system (GPS) signals propagating through the iono-
sphere are advanced in phase and delayed in time. This
time delay being a function of electron density when
measured by using dual frequency receiver can com-
pute the TEC. So, the GPS receiver is one of the most
useful tools for TEC study [Hofmann-Wellenhof et al.,
[1992} Langley et al.,[2002].

The TEC in the upper atmosphere plays a crucial
role in the determination of the range delays by the
electromagnetic signals while traversing through the
ionosphere [Rao et al.,[2013]. In order to study typical
ionospheric variations through ionospheric parameters
at various latitudes, it is necessary to average these pa-
rameters from the available dataset over longitudes or
time. This averaging makes it feasible to reveal the
meantime and spatial morphological features of global
variations in ionosphere [Klimenko et al.,[2016]. At the
rise of ionospheric studies, there was a thought that
diurnal variations in ionospheric parameters everywhere
substantially exceed longitudinal variations. However,




first satellite data showed that this is not exactly so
[Eccles et al.,[I971]. It was found that the longitudinal
variations of ionospheric parameters are comparable to
the diurnal variations. This was further confirmed by
many researchers. In the absence of ionospheric TEC
data, solar proxies give an opportunity to study iono-
spheric variation, in the other words, solar proxies show
correlation with the variation in ionospheric TEC. This
correlation is a part of our study. We have considered
solar proxies like Kp index, sunspot No, F10.7 index,
disturbance storm time (Dst) index. Sunspot No and
F10.7 are most commonly used proxies, as they show
comparatively better correlation with the variation of
ionospheric TEC [Bilitza, 2000} Mansoori et al.,[2016].
The longest available data series belongs to the sunspot
number; it has been regularly recorded for over 400
years. The second largest available data series belongs
to F10.7, which has been almost continuously recorded
since 1947 [Tapping et al., 2013]. Being most consis-
tent solar index, it effectively describes solar activities
and is a valuable mode in forecasting space. F10.7 cm
index gives information about the noise level produced
by the Sun at the wavelength of F10.7 cm at the Earth's
orbit. Sunspots are the area seen as a dark spot on
the photosphere. Technically they are concentration of



magnetic flux. They are basically storm on the surface
of the sun; they are the cause of hot gassy ejection and
solar flare. Sunspot number (R;) is the measure of
intensity of solar activity. The highest value of R, ex-
hibits solar maxima and the lowest value of R, exhibits
solar minima of a solar cycle. They generally appear in
defined pattern, they tend to appear on either side of
the equator. They start appearing about 25°-30° north
and south to the centre, with the progress of solar cycle
the new sunspots originate closer to the equator. At
the end of solar cycle they normally appear at an aver-
age altitude of 5° to 10°. The generally not appear at
the latitude greater than 70°[Prince et al., ; Secan
et al., .

The change in solar wind directly affects the bal-
ance of magnetosphere. The magnetospheric current
reacts in order to spare the magnetosphere from col-
lapse; therefore it establishes a new equilibrium state.
The changes in different current sheets are measured
to estimate the magnetospheric activities. For these
measurements magnetic activity indices are used. The
ring current or storm activity is usually estimated by
using the Dst index and the disturbances in the Earth's
magnetic field or global activity measured by Kp in-
dex. Kp index is one of the important scale to study



global level of geomagnetic activity. The higher value
indicates ionospheric storm which degrades radio prop-
agation. It is a crude measure as it does not measure
any specific type of disturbance. It is also defined as
global Kp index because it characterizes the intensity of
geomagnetic activity on a planetary scale [Mukhtarov
et al., 2017]. Dst index was developed in 1964 and
it defines hourly average of the deviation of Horizon-
tal component of the Earth magnetic field [Sugiura et
al., and measured at several ground stations. It
is mentioned in nanotesla (nT). It presents a picture
of space weather. It also provides information about
the strength of ring current around Earth caused by
solar protons and electrons [Saba et al., [I997]. It is
a measure of geomagnetic activities, for this purpose
H component of geomagnet is recorded periodically at
low-latitude. [Bartels et al., [1939]. The value of Dst
reflects the intensity of the Geomagnetic storm, the
minimum value shows the strongest storm. The nega-
tive value of Dst exhibits the beginning of the main face
of a storm [Bhattacharya et al.,[2008]. The storms are
categorized as strong storm (peak Dst < —100 nT),
moderate storms(—100 nT< peak Dst < —50 nT) and
weak storms (peak Dst > —50 nT).

This paper is an attempt to study the diurnal varia-



tion, monthly variation, annual variation seasonal varia-
tion of TEC at low, mid and high latitude in the North-
ern Hemisphere. The relation between solar proxies
(viz. Dst, Kp index, F10.7 cm and sunspot number)
and ionospheric TEC variation at all the three stations
are also included in the paper. The study was carried
out during low solar activity period of 24th solar cycle
i.e. from January 2016 to December 2016.

Data Sets and Methodology

This study was carried out with two type of data sets:
lonospheric data (GPS derived TEC) and geomagnetic
indices (Kp index, sunspot No, F10.7 index, Dst index).
In present study we considered Universal time (UT) for
all time references.

Total Electron Content (TEC)

To investigate the latitudinal variation of the ionosphere,
we considered three |GS stations one at each low, mid
and high latitude. The selected locations and their
details, including their geographical coordinates, are

shown in [Table 1l
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The data at the three stations were obtained from
the network of GPS receivers that are spread over the
globe and the data was recorded periodically. The GPS
data recorded by IGS is freely available to all the users
and can be downloaded from the URL http://sopac.ucsd.
This data is available in RINEX (Receiver Independent
Exchange Format); it is an internationally accepted
data exchange format. This format is in the standard
ASCII format (i.e., readable text). The data is then
processed by using appropriated tools to get the re-
quired (TEC). The temporal resolution of the data is
usually 30 s. The dual frequency GPS receivers pro-
vide the carrier phase and pseudo-range measurements
in two L-band frequencies (L1 = 1575.42 MHz and
[2 = 1227.60 MHz). The TEC is computed from the
combined L1 and L2 pseudo-ranges and carrier phase
[Mukhtarov et al., R017]. Further, the raw data is pro-
cessed by software developed and freely distributed by
Dr. Gopi Krishna Seemala, Indian Institute of Geo-
magnetism (11G), Navi Mumbai, India. This software
runs on a Windows operating system. The raw RINEX
GPS data were processed using this GPS TEC analysis
software. This software reads raw data, processes cycle

slips in-phase data, reads satellite biases from Interna-
tional GNSS Service (IGS) code file (if not available,


http://sopac.ucsd.edu

it calculates them), calculates receiver bias, and calcu-
lates the inter-channel biases for different satellites in
the receiver.

Geomagnetic Indices

To study the long-term solar activity we have taken four
viz. Kp index, sunspot No, F10.7 index, Dst index. We
have downloaded the data from Space Physics Data Fa-
cility OMNI website (http://omniweb.gsfc.nasa.gov/).
We have taken in to account the averages of the down-
loaded data sets for the study.

Results and Discussion

The density of ionosphere changes with the season, lo-
cal time magnetic activity and geographic location. We
investigated all the variations at low, mid and high lati-
tudes. At the same time, we also investigated the rela-
tionship between ionospheric TEC and solar and mag-
netic indices viz. Kp index, sunspot No, F10.7 cm and
Dst index.


http://omniweb.gsfc.nasa.gov/

Diurnal Variability of TEC

The variability of TEC for all the days of the year 2016
is presented month-wise in the [Figure T] for low latitude
station Mangilao. The multicoloured lines indicate the
variation of TEC for all days of each month and the
bold yellow line indicates the variation of the median
for the month. From the [Figure 1] a wider spread of
TEC is observed between 00:00 hrs to 14:00 hrs i.e.
in the first half of the graph than that of second-half
i.e. from 14:00 hrs to 24:00 hrs. We also observed
that the maximum average TEC was obtained (high-
est peak of yellow line) during the months of February,
March, April, September, and October, while the shal-
low peaks were obtained during the month of Decem-
ber, June, July, August, and November. The diurnal
pattern of the graphs shows almost similar shape for all
the months. The diurnal peak is obtained between ap-
prox 08:00 hrs to 12:00 hrs, though peak value changes
every month.

The variability of TEC for all the days of the year
2016 is presented month-wise in the for mid-
latitude station Urumqi. From the figure, it is observed
that from 00:00 hrs to 14:00 hrs i.e. the first half of
the graphs show the wider spread in the TEC than that
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of the second half i.e. from 14:00 hrs to 24:00 hrs. We
also observed that the maximum average TEC was ob-
tained (highest peak of yellow line) during the months
of February, March, April, May and September, while
the shallow peaks were obtained during the month of
December, June, July and August. The diurnal pat-
tern of the graphs shows almost similar shape for all
the months, though peak value changes every month.

The variability of TEC for all the days of the year
2016 is presented month-wise in for high lat-
itude station Ny-Alesund. We observed that the max-
imum average TEC obtained (highest peak of yellow
line) during the months of February, March, April and
September while the shallow peaks were obtained dur-
ing the month of December, May, June, July and Au-
gust. The diurnal pattern of the graphs shows almost
similar shape for all the months. The diurnal peak oc-
curs between approx 08:00 hrs to 12:00 hrs, though
peak value changes every month.

Diurnal variation of TEC was also studied by plotting
TEC curves for all 366 days at the same graph of the
year 2016 at low, mid and high latitude stations. [Fig]
[ure 4] shows the diurnal variation of TEC during the year
2016. The graph is self-explanatory for the comparison
of diurnal variation of the three stations. It is seen that
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the three curves obtained crest and trough almost dur-
ing the same period of time, it is also noticed that the
rise and fall of TEC follow the similar sinusoidal pat-
tern for the year 2016. Though the magnitude of the
TEC is different for the three stations throughout the
year, it was also observed from the graph that the max-
imum TEC value was obtained at low latitude station
Mangilao followed by mid-latitude station Urumgi and
high latitude station Ny-Alesund. The results confirm
that the low latitude region(0° to +30°) shows higher
magnitude TEC as well as higher variation of TEC than
that of at mid or high latitude, as this region receives
maximum sunlight throughout the year.

Monthly Variability of TEC

The monthly TEC variation for the year 2016 at mid,
low and high latitude stations is presented in [Figure 5|
The daily average of TEC variation is taken into ac-
count to draw the graph. The graph shows that the
TEC is maximum during the month of March at low
and high latitude and during the month of April at
mid-latitude. Whereas the minimum value of TEC is
observed during the month of December at low and mid
latitude and during the month of July at high latitude.
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Figure 5. Monthly variability of TEC during the year
2016 for GUUG, URUM and NYAL stations.

The monthly TEC data of the three stations also
show a sinusoidal pattern that starts rising from Jan-
uary and its peaks are observed in March or April, and
then it starts falling gradually and obtains its minimum
value in July or August. Further increasing trend is
started and the curves obtain their peaks in September
or October. Again, the curves lead to its minimal and



obtain their bottom value in the month of December. It
is significant that both the crests occur during equinox
(March and September) and trough occurs during the
solstice (June and December). Equinox is the period
when the plane of the Earth’s equator passes through
the centre of the Sun’s disk or the Sun is directly over
the equator, hence during this period more solar energy
is received, which leads to greater ionization. It is also
seen that the December solstice shows higher average
TEC than that of July solstice, the causative factor of
this phenomenon is the Sun—Earth distance between
December and June period.

Seasonal Variability of TEC

The seasonal variations of TEC occur due to tilt in
the rotation axis of the Earth and rotation of the Earth
around the Sun. This tilt makes the Earth lean towards
the Sun (summer) and lean away from the Sun (win-
ter), in between these two seasons equinox occurs. The
relative position of the Sun moves from one hemisphere
to the other and creates seasons. We have studied the
seasonal variability of TEC at low, mid and high lati-
tude stations, during equinox (March, April, September
and October), summer (May, June, July and August)
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Figure 6. Seasonal variability of TEC during the year
2016 for GUUG, URUM and NYAL stations.

and winter seasons (January, February, November and
December). The seasonal variation of ionospheric TEC
for the year 2016 at the low, mid and high latitude sta-
tions is shown in

The shows that TEC is maximum during the
equinox season followed by winter and summer seasons
at the high and low latitude and followed by summer
and winter seasons at mid-latitude. In other words, it
is observed that maximum seasonal TEC is obtained
in the equinox months. It is also seen that during the
equinox, the maximum value of TEC is obtained at
low latitude followed by mid and high latitude. The
findings are also supported by the facts that the rate of
ionization in equinox is faster than that in winter and
summer season which leads to higher TEC at equinox
months. Further, during this period, the Sun is directly
above the equator which leads to higher value of TEC



during equinox at low latitude region than at mid or
high latitude.

Geomagnetic and solar Variability of TEC
shows the variation of VTEC for the differ-

ent stations and is correlated with F10.7 cm, Kp in-
dex Dst index. From the graph it is clear that VTEC
at low, mid and high latitude in Northern Hemisphere
showed a similar annual pattern though the magnitude
of VTEC was maximum at low latitude followed by
mid-latitude and high-latitude. It is observed from the
graph that TEC shows better synchronization with R,
and F10.7 cm than with Dst and Kp indices. The pat-
tern observed for the ionospheric TEC showed a semi-
annual oscillation with maxima in spring and autumn
and minima at summer and winter at low, mid and high
latitude. This semi-annual variation can be satisfacto-
rily explained by Russell-McPherron effect, according
to this effect the Bz component of geomagnet is en-
hanced in March (spring) and September (autumn) un-
der southern interplanetary magnetic field (IMF) condi-
tions, as a result, more variation in TEC is obtained dur-
ing equinoctial months than during solstitial months.
The figure shows that the similar semi-annual pattern
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is also followed by F10.7 and R, index during solar min-
ima 2016.

Variability of TEC During Intense Geomagnetic
Storms

The presence of geomagnetic storm indicates solar
wind-magnetospheric interaction.  This interaction
originates global disturbances in the geomagnetic field
as well as in ionospheric TEC. Solar wind is a high en-
ergy stream of charged particles (viz. electron, proton,
alpha particle etc.) which is ejected from the corona
with the speed of 300 to 500 km/s. We had stud-
ied the behaviour of ionospheric TEC during low so-
lar activity period of 24th solar cycle i.e. from Jan-
uary 2016 to December 2016 the geomagnetic storms.
During this period we found three moderate storms
(—100 nT< peak Dst < —50 nT). The geomagnetic
storms chronologically occur on 1 January 2016 with
the daily averaged value of Dst —61 nT, 7 March 2016
with the daily averaged value of Dst —58 nT and 8
May 2016 with the daily averaged value of Dst and
—53 nT. We investigated the behaviour of ionospheric
TEC at low, mid and high latitude stations viz. Mangi-
lao, US (GUUG) at 13.44°N, 144.80°E, Urumgqi, China



(URUM) at 43.82°N, 87.60°E, and Ny-Alesund, Nor-
way (NYAL) at 78.92°N, 11.86°E.

The most intense geomagnetic storm of the year
2016 was observed on 1 January 2016. It is observed
that the storms that occurred on 1 January, 7 March
and 8 May in the same year are having a gradual de-
creasing intensity with (daily averaged) Dst value —61 nT
—58 nT and —53 nT respectively. A similar pattern was
observed for F10.7 cm index (gradually decreasing order
095.1, 92.8 and 85.6 respectively). The stations located
on low latitudes were affected by the storm more than
those stations located on mid and high latitudes.

Conclusions

The analysis leads to following conclusions

1. It is seen that the maximum diurnal and monthly
value of TEC is obtained at low latitude station
Mangilao followed by mid-latitude station Urumgqi
and high latitude station Ny-Alesund;

2. It is observed that diurnal TEC shows sinusoidal
pattern;

3. It is seen that seasonal variation of TEC is max-
imum during the equinox followed by winter and



summer seasons at high latitude station and low
latitude station and followed by summer and win-
ter seasons at mid-latitude station. In other words,
it is observed that maximum seasonal TEC is ob-
tained during the equinox;

4. It is seen that VTEC at low, mid and high latitude
of the chosen stations shows similar annual pattern,
though the magnitude of VTEC is maximum at low
latitude followed by mid-latitude and high latitude;

5. The seasonal pattern of ionospheric TEC shows a
semiannual oscillation with maxima in spring and
autumn and minima at summer and winter;

6. We also compared the annual changes of the TEC
with respect to that of the solar proxies viz. Kp
index, sunspot No, F10.7 index, Dst index. It is
seen that the TEC shows a better synchronised
variation with R, and F10.7 cm, than that of with
Dst and Kp indices.
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