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ABSTRACT

The vertical total electron content (VTEC) obtained from 2004 to 2011 at
Comandante Ferraz Brazilian Antarctic Station (62.1°S, 58.4°W) is an-
alyzed to study the mean diurnal, seasonal and annual variations. The
maximum daytime VTEC had an annual variation that decreased from
2004 to 2008, and then starting to increase in 2009, which followed the
variation of  the solar activity. The daily VTEC shows good linear corre-
lation with solar radiation intensity, which is also dependent on the solar
zenithal angle. The mean diurnal VTEC shows a semiannual variation,
with larger peaks in equinoxes for all years; no winter anomaly was ob-
served, and in summer, there was no clear diurnal variation. The semi-
annual variation of  the VTEC is also modulated by solar activity, with
larger VTEC peaks when the solar activity was higher.

1. Introduction
The total electron content (TEC) has been used to

study the ionosphere behavior for different sectors,
with particular interest in an understanding of  its mean
diurnal, seasonal and annual variations, as well as its de-
pendence on solar activity level. Most vertical (V)TEC
variation studies have been carried out at equatorial and
low latitudes [e.g., Huang and Cheng 1995, and refer-
ences therein, Mansilla et al. 2005, Galav et al. 2010, Na-
tali and Meza 2011, Liu et al. 2012, Kumar et al. 2012,
Olwedo et al. 2012]. At high latitudes, and particularly
in Antarctica, global positioning system (GPS)-TEC
studies had been carried out mostly during geomag-
netic storm events [Coker et al. 1995, Aarons et al. 2000,
Krankowski et al. 2005], and only a few have looked at
seasonal variation [Kitamura et al. 2009, Chung et al.
2011, Purohit et al. 2011].

Long-term VTEC studies have shown that the ion-
osphere is not only controlled by the solar zenith angle,
and that temporal and spatial anomalies have been fre-
quently observed. The main anomalies are: the winter

or seasonal anomaly, such that the TEC daytime values
at mid-latitudes are larger in winter than in summer; and
the semiannual anomaly, such that the TEC is greater at
equinox than at solstice. From a study of  the global dis-
tribution of  the amplitude of  various anomalies, Zhao
et al. [2007] showed that these are modulated by the solar
activity, and that the daytime TEC seasonal anomaly is
most evident at middle to high latitudes in the northern
hemisphere, while the semiannual anomaly is seen at all
latitudes, with it being more pronounced in the equato-
rial anomaly crest region (±20° magnetic latitudes). The
winter anomaly has been more clearly observed during
periods when the Sun has been highly active [Walker
1971, Huang and Cheng 1995, Mansilla et al. 2005].

The aim of  the present study was to investigate the
ionosphere variations using GPS-TEC measurements
obtained at Comandante Ferraz Brazilian Antarctic Sta-
tion (EACF; 62.1ºS, 58.4ºW) at King George Island on
the Antarctic Peninsula. We present the results for
yearly, seasonal and mean diurnal VTEC variations as
observed at EACF under different solar activity levels
in the period from 2004 to 2011, and thus during the
decay phase of  the 23rd solar cycle, and the increase of
the 24th solar cycle.

2. Observations
The data used for this study were obtained with a

dual frequency Javad GPS receiver that has been oper-
ating at EACF since January 2004. The GPS-TEC was
obtained from Receiver Independent Exchange Format
(RINEX) data that were acquired every 15 s. The analy-
sis uses the VTEC derived from GPS-TEC observations
using the pre-processing stage of  the local point inter-
polation method (LPIM) algorithm, which uses a simple
mapping function. The LPIM algorithm was developed
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by the Argentine La Plata Group [Brunini et al. 2008].
The VTEC was computed as the median VTEC values
of  the satellites available above a 30° elevation angle, at
each 30 s, with the ionosphere height assumed at 350
km. The analysis covers the period from 2004 to 2011,
but there are some data gaps due instrumental problems,
especially during the spring months of  2008.

The influence of  solar activity on the long-term
VTEC variation was evaluated considering the solar
ultraviolet radiation (FUV) and sunspot number as
solar proxies (data obtained from the National Oce-

anic and Atmospheric Administration data center at
http://www.swpc.noaa.gov/ftpdir/indices/; last ac-
cessed September, 2012). The FUV data refer to the
TIMED SEE (Thermosphere Ionosphere Mesosphere
Energetics and Dynamics – Solar Extreme Ultraviolet
[EUV] Experiment) and SORCE SOLSTICE (Solar Ra-
diation and Climate Experiment – Soar-Stellar Irradi-
ance Comparison Experiment) solar spectral irradiance
measurements of  the He II 30.4 nm emission provided
by the Laboratory for Atmospheric and Space Physics
(LASP) Solar Irradiance Data Center (http://lasp.colo
rado.edu/lisird/lya/; last accessed September, 2012)
[Woods et al. 2000]. 

3. Observational results and discussion

3.1. Long-term variation – solar radiation control 
To study the solar influence in the long-term vari-

ation of  the VTEC, we considered the daily median
value obtained between 15:00 UT and 17:00 UT (~12:00
LT) as representative of  the maximum daily VTEC,
from 2004 to 2011. The comparisons were carried out
considering the 31-day running mean of  the daily max-
imum VTEC with the sunspot number (Figure 1), and
the monthly average of  the daily maximum VTEC with
solar FUV intensity (Figure 2). The analyses show good
temporal correlation between VTEC and solar activity,
where all of  the datasets have a slow variation that was
well fitted by a third-degree polynomial (Figure 1,
dashed lines). The wrapping of  the monthly VTEC data
in Figure 2 is the yearly maximum and minimum val-
ues. The results clearly show daytime VTEC modula-
tion by the solar activity, which decreased from 2004 to
2008 during the decay of  the 23rd solar cycle, and start-
ing to increase in 2009 when the 24th solar cycle began.

To evaluate the influence of  the solar activity on
the maximum daytime VTEC, we compared the 3-day
smoothed VTEC data with the daily FUV solar intensity
(Figure 3). This comparison was carried out consider-
ing the months of  January and July separately, which
are representative of  the summer and winter seasons,
respectively, in order to filter the solar zenith angle ef-
fect. The analysis shows a strong linear correlation be-
tween the VTEC and the solar FUV intensity in summer,
as demonstrated by the correlation coefficient (R) of
0.84 (R2 = 0.71); this means that 71% of  the data are
well represented by a linear variation with a gradient
of  1.70 TECU/(10−3 W/m2/nm). However, in winter,
the correlation coefficient is weak, at 0.56 (R2 = 0.31),
which means that only 31% of  the data can be explained
by the linear relationship with a gradient of  0.44 TECU/
(10−3 W/m2/nm). These results mean that the maxi-
mum daytime VTEC is modulated by the solar radia-
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Figure 1. Variation of  sunspot numbers (a) and the daily maximum
VTEC (b) from 2004 to 2011. Both datasets were 31-day smoothed
and fitted using a cubic polynomial regression (dashed curves).

Figure 2. Variation of  the 31-day smoothed solar He II radiation
(30.4 nm, FUV) (top) and the monthly averaged daily maximum
VTEC (lower curve) from 2004 to 2011. The yearly maximum and
minimum VTEC values are also shown. Both datasets were fitted
using cubic polynomial regression (dashed curves).
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tion intensity but depends on the solar zenith angle, as
shown by the higher gradient in the summer season.

The long-term analysis of  the daytime VTEC
measured at EACF from 2004 to 2011 clearly shows that
it is modulated by solar activity. This is in agreement
with Chung et al. [2011], who used VTEC measure-
ments carried out from 2005 to 2009 over King Sejong
station (~62°S, 58°W), which is very near the Brazil-
ian station. Modulation of  the VTEC by solar activity
was also reported by Walker [1971], Huang and Cheng
[1995], Zhao et al. [2007] and Galav et al. [2010]. These
results also showed that the VTEC correlation with the
solar radiation intensity at a latitude of  ~62°S is differ-
ent between the summer and winter seasons, demon-
strating that the ionization processes are lower in
winter (Figure 3), probably due to low solar flux at high
solar zenith angles, as shown by Purohit et al. [2011]
from observations carried out in the polar region.

3.2. Seasonal mean diurnal variation
The seasonal mean diurnal variation was obtained

by considering the monthly averages of  the 1-h VTEC
for each day for January, March, June and September,
as representative of  the summer solstice, autumn equi-
nox, winter solstice and spring equinox, respectively.
The mean diurnal variation of  the VTEC for each sea-
son for all of  the years is shown in Figure 4, where there
is a clear peak between 13:00 UT and 17:00 UT (LT =
UT − 4), but January (summer). The mean diurnal
VTEC in the Antarctic summer shows no clear varia-
tion, which suggested higher values in the nighttime
than in the daytime. This can be attributed to the Wed-
dell Sea Anomaly, which refers to the larger nighttime
electron density than for the daytime that has been ob-
served around the Antarctica Peninsula [Horvarth 2006,
Jee et al. 2009, Chung et al. 2011].

The diurnal VTEC shows a semiannual variation
(Figure 4), with larger diurnal peaks occurring prefer-
entially during the equinoxes, while the smallest peak
occurs in the winter solstice for all of  the years. The
semiannual anomaly of  the diurnal VTEC observed at
EACF with maximum values at the equinoxes is similar
to the observations from equatorial [Kumar et al. 2012,
Olwedo et al. 2012], middle [Huang and Cheng 1995,
Mansilla et al. 2005, Galav et al. 2010, Liu et al. 2012,
Kumar et al. 2012] and high [Chung et al. 2011, Purohit
et al. 2011] latitudes.

The diurnal peak of  the VTEC for each season de-
creases from 2004 to 2008, to reach its lowest values in
2008-2009 when the solar activity was at a minimum,
and then starts to increase after 2009, with the up-com-
ing 24th solar cycle. 

In summary, the long-term study of  the daily and

monthly maximum daytime VTEC at EACF show an-
nual variation in close association with the solar cycle,
which decreased from 2004 to 2008 during the decay of
the 23rd solar cycle, and which started to increase in
2009 when the 24th solar cycle began. The solar control
of  the VTEC is also verified by its good linear correla-
tion with the solar flux intensity, which has been shown
to be dependent on the solar zenith angles, as demon-
strated by the higher VTEC gradients in summer than
in winter. The results also show the presence of  a semi-
annual anomaly, with the daytime VTEC peaks occur-
ring during equinoxes. A winter anomaly was not
observed in this study.

4. Concluding remarks 
The ionosphere behavior was investigated using

the maximum daytime GPS-TEC observed at EACF
from 2004 to 2011. We have discussed here the annual,
seasonal and mean diurnal variations of  the VTEC at a
latitude of  ~62°S as a function of  the solar activity.

The maximum daytime VTEC (~12:00 LT) shows
an annual variation that was clearly controlled by the
solar activity and by the solar zenith angle, which was
greater in summer than in winter, and was greater near
the maximum solar activity than near the minimum.
These data reinforce the idea that the ionosphere ion-
ization processes are controlled by solar flux intensity
and solar zenith angle, especially at higher latitudes
[Purohit et al. 2011]. 

The VTEC shows a clear semi-annual anomaly with
peaks during the equinoxes, similar to what has been ob-
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Figure 3. Variations of  the 3-day smoothed daily maximum VTEC
for January (summer) and July (winter) with respect to the solar FUV
intensity used as a proxy for the solar activity. Both datasets were
fitted with linear regression (R, correlation coefficients).



served at all latitudes; on the other hand, a winter (sea-
sonal) anomaly was not observed, probably because it
has the least chance to be observed in the South Pacific
areas in the South America sector [Zhao et al. 2007]. 

Ionosphere studies covering the large spatial dis-
tribution of  the VTEC are important to better char-
acterize the longitudinal and latitudinal dependence

on the anomalies. As the ionosphere can be controlled
by an internal dynamic/ chemical process that is
driven by solar radiation and an external process, such
as magnetospheric disturbances or atmospheric waves
from below, further studies are needed to investigate
the major causes that are responsible for the anom-
alies in the ionosphere variations.

CORREIA ET AL.

4

Figure 4. Seasonal variability of  the VTEC for each year from 2004 to 2011. Each curve refers to the mean diurnal variation that is repre-
sentative of  each season, as observed at EACF (~62°S).
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