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Abstract

There are a number of ionospheric models available for research and application, such as the polynomial model,

generalized trigonometric series function model, low degree spherical harmonic function model, adjusted spherical harmonic
function model, and spherical cap harmonic function analysis. Using observations from more than 40 continuously operating
stations across Antarctica in 2010, five models are compared with regard to their precision and applicability to polar regions.
The results show that all the models perform well in Antarctica with 0.1 TECU of residual mean value and 2 TECU of root mean

square error.
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1 Introduction

The polar upper atmosphere is one of the most active parts
of Earth’s atmosphere and near-Earth space, and study of
the polar upper atmosphere will contribute to the overall
understanding of the interactions between the solar wind,
magnetosphere, ionosphere, and the upper and lower
atmosphere!!. As an important part of the polar upper
atmosphere, the polar ionosphere has a significant role
in monitoring, modeling, and forecasting services. GPS
technology has the advantages of low cost, high precision,
and wide coverage, and it is suitable for polar ionospheric
research. GPS-based ionospheric Total Electron Content
(TEC) modeling can be used to study ionospheric temporal
variations™?!, and ionospheric corrections in GPS signals™.
A regional ionospheric model, which is more adaptable in
certain areas, can be established using a number of GPS
observation stations and comparison with the Klobuchar!,
IRI”!, Bent™ or other global ionospheric models. Commonly,
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empirical ionospheric models contain a polynomial model
(POLY for short)™, e.g., the generalized trigonometric series
function model (GTSF)®), low spherical harmonic function
model (LSH)"), adjusted spherical harmonic function model
(ASHF)!', and spherical cap harmonic analysis (SCHA)!"",
In this paper, five models were achieved using data from
more than 40 GPS stations across Antarctica in 2010 and
their applicability to Antarctica was analyzed.

2 Regional ionospheric models

2.1 POLY

The POLY has a simple structure and takes into account
ionospheric changes related to latitude and sun angle. This
model is used widely in regional ionospheric modeling
analysis because it can obtain better results than other models
over a certain period and within a certain range. The model
is based on the difference of sun angle and latitude difference
between the ionospheric pierce point and the regional center,
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and its expression is as follows!":

n m
VIEC =)D E, (9 -0y) (S — Sy)t "
i=0 k=0
where Ej are the unknown model coefficients, ¢ and S are the
geographic latitude and sun angle at the ionospheric pierce
point, respectively, and ¢, and S, the geographic latitude and
sun angle at the regional center, respectively.

2.2 GTSF

Within only a few hours, the POLY exhibits better fitting
accuracy, and therefore Georgiadiou™ proposed using a
trigonometric series model to build a regional ionospheric
model, which further improved the simulation capabilities of
local daily ionospheric variations. Based on a trigonometric
series, Yuan and Ou™ presented a generalized trigonometric
series with variable parameters in geomagnetic coordinates,
as follows:
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where A4; are the generalized trigonometric series function
model coefficients, ¢, is the geomagnetic latitude at IPP, and
h represents variables related to local time. A=2n(t—14)/T,
T = 24 h, where t is the local time at IPP in units of
hours. ¢, = ¢+0.064cos(41—1.617), where ¢ and 4 are the
geographical latitude and longitude, respectively, in units of
radians.

2.3 LSH

Schaer™'” analyzed the characteristics of a spherical harmonic
function, simulated the regional and global ionosphere using
the spherical harmonic function, and found it more accurate
in global ionospheric model construction. Therefore, the
spherical harmonic function has been used widely in global
ionospheric models. A global spherical harmonic model with
15 x 15 order coefficients has been released by CODE. In
global modeling, the zero-order term is the global ionosphere
average TEC values. In regional modeling, although the
spherical harmonic coefficients do not have orthogonality, a
lower-order spherical harmonic function model can still be
used to study the ionospheric region. The function model is
as follows:

VTEC = Z z (AF cos kA" + BF sin k") B* (cos @,,)
=0 k=0 3)

where A’ is the longitudinal difference between the pierce
point and sun direct spot, B*(cos@,) is the Legendre
function, and AF and BF are unknown model coefficients.

2.4 ASHF

The orthogonality of the spherical harmonic function is
derived from expansion on the sphere, but it is lost within a
certain area. Through coordinate conversion, the projection
can be changed from region to globe!". First, a spherical
cap coordinate system is constructed, in which the new
pole is the regional center, and the longitude line passing
through the new pole and the geographic South Pole is
taken as the initial meridian. Then, the original coordinates
are transformed to a new coordinate system. The pole
coordinates of the spherical cap coordinate system are (4o,
@) and the corresponding pierce point coordinates are (4,
¢); therefore, the new coordinates of the pierce point in the
spherical cap coordinate system are (4., ¢.). As the selected
area is Antarctica, the center position is (0°E, 90°S), which
means that ¢p.= —¢ and A.= 4. Assuming the half-angle of the
spherical cap is Gmax, the co-latitude of the pierce point in the
spherical cap coordinate system is . and its range is [0, O],
i.e., B.= n/2—¢.. The longitude of the pierce point remains the
same and the latitude is projected onto an assumed sphere
with a certain proportion according to the half-angle of the
spherical cap. Thus, the new coordinates are as follows:

T T
¢'="-6.0=—0"0,

2 0nax
A=A

“

With this conversion, the pierce point coordinates are

projected from the region to the assumed sphere, which meets

the requirements for the fitting variables of the spherical

harmonic function. The converted coordinates are introduced
into formula (3) and the unknown coefficients calculated.

2.5 SCHA

As the basis functions of the spherical harmonics are
no longer orthogonal in the local area, the spherical cap
harmonic function is introduced. The basis functions of
the spherical cap harmonics are orthogonal in the spherical
region, and the zero-order term of the spherical cap harmonic
coefficients indicate the average ionospheric TEC within the
local area. The construction of the spherical cap coordinate
system is the same as in section 2.4, but the main difference
between SCHA, LSH, and ASHF is that the integer-order
Legendre function is replaced by the non-integer-order
Legendre function. The function model is as follows!':

Kpax M
VTEC =) Y
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where Cy, and ~S~’km are fully regularized spherical harmonic
coefficients; B (m).m(€080) represents fully regularized
non-integer-order Legendre functions.

3 Data processing

Three sources of GPS data were accessed. These included
eight tracking stations in Antarctica built by the IGS
(International GNSS Service!')) and tracking stations in
Antarctica built by POLENET (The Polar Earth Observing
Network!"*), POLENET aims to collect GPS and seismic
data, using an automatic remote data acquisition system built
in Antarctica and Greenland, to study glacier change within
the context of global warming. Although the layout of the
stations in Antarctica is inland, by virtue of automatic mode,
the distribution is mainly in western Antarctica. The third
source comprises three tracking stations in Antarctica built
by CACSM (the Chinese Antarctic Center of Surveying and
Mapping): the Great Wall Station, Zhongshan Station, and
Kunlun Station!"”, In particular, the data of Zhongshan and
Kunlun stations provide an important supplement in eastern
Antarctica. Figure 1 shows the distribution of the stations.
Because various problems occur in data collection,
resulting in inaccurate data quality and mistaken formats,
data pre-processing is necessary. The quality of IGS data is
best, but POLENET and CACSM data have some problems.
Therefore, TEQC!"®, which is pre-processing software for
GPS data, is used to verify the quality and output the data in a
standard format. Then, highly accurate STEC (Slant TEC) is
obtained with geometry-free linear combination using dual-
frequency GPS pseudorange and phase measurements. The
data-sampling rate is 30 s and the elevation is 10 degrees. The
thin-shell or single-layer approach is used with a height of 370
km. VTEC (Vertical TEC) is obtained from STEC using the
mapping function of 1/cos(z). All station data are calculated
together to achieve the modeling. The model parameters
and hardware delay are solved together!'”: every 2 h for one
period, 12 periods a day, and the hardware delay is fixed
daily. Generally, the satellite and receiver hardware delay
are regarded as stable over 1 day!"®. To ensure smoothness
between periods, some constraints are added”. To compare
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the effects of each model, nine parameters are chosen for the
polynomial model, low sphere function model, improved
sphere harmonic function model, and spherical cap harmonic
function model, and the order and degree are two for the
generalized trigonometric series: No= 0, N;= N,= 1, N3= 2,
N4: 6.

270°

180°
Figure 1 Distribution of the stations in Antarctica (e IGS stations,
% POLENET, V¥ Chinese Antarctic stations)

4 Results and discussion

The five models are achieved using all the GPS data. After
obtaining the model coefficients, inversed VTEC values at
the pierce points are calculated. By comparing the inversed
VTEC and measured VTEC, statistics are used to assess the
precision, such as the daily residual mean (red dot-dash lines)
as well as the daily RMS (solid green lines) in Figures 2—6.
The horizontal axis is the day of the year, the left vertical axis
is the residual mean, the right vertical axis is the root mean
square error, and the unit is TECU.

Daily statistics of each model, such as the residual mean
and root mean square, are listed in Table 1.
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Figure 2 The statistics of POLY.
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Table 1 Annual residual average and RMS of all models

POLY GTSF LSH ASHF SCHA
Residual average

-0.85 78 -9.64 26 =75
(10*TECU)
Residual RMS

1.84 2.02 1.69 1.89 1.74
(TECU)

The following discussion is based on the analysis above.
Figures 2 through 6 show that the changes in precision
of the five models over 1 year are similar. The daily residual
mean is substantially non-biased and very small, i.e., close
to zero, and the root mean square error is less than 2 TECU.
Especially for the polynomial model, low spherical harmonic

May 2010
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function model, improved spherical harmonics function
model, and spherical cap harmonic function model, the
changes are very consistent, relatively speaking; whereas
for the generalized trigonometric series function model,
the values of the daily residual mean and RMS are larger.
This is because the better daily fitting characteristics of this
model are not fully reflected because of the time-sharing
process of the models used for better comparison. During
the winter in polar regions, the fitting effects of ionospheric
models are better, e.g., the residual means are closer to 0 and
the root mean square error falls to 1.5 TECU, because polar
ionospheric activity is low in winter and the TEC value is
small. In Antarctica, the ionospheric daily mean is only 1
TECU during winter, which is very small compared with that
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Figure 8 Magnetic Dst in October, 2010!'*,

in low latitude regions, and thus the higher fitting precision
not only illustrates the applicability of the models, it also has
a certain relationship with polar ionospheric characteristics.

In addition to the apparent trend features, the five
figures also show that on days 122 and 284 (corresponding
to May 2 and October 11) the RMS exhibited major changes
in magnitude; its value significantly exceeds the values of
other periods. According to geomagnetic data of 2010 from
the Japanese Global Geomagnetic Data Center'”, as shown
in Figures 7 and 8, the Dst on those two days reached up
to —66 and —80 nT, respectively, which indicates moderate
geomagnetic storms (—100 < Dst << —50 defines moderate
geomagnetic storm). For all five ionospheric models, the
RMS values displayed a similar transition within a certain
time. Geomagnetic storms disturb the ionosphere and reduce
the accuracy of GPS signals, which results in an increase of
model-fitting errors.

5 Conclusions

In this paper, more than 40 GPS tracking stations in
Antarctica are used to compare five empirical regional
ionospheric models. The fitting accuracy of each model
can reach 0.1 TECU for daily residual mean and 2 TECU
for RMS error, which indicates good fitting effects. During
periods of low ionospheric activity such as winter, the model
accuracy is better, and compared with the mid-latitudes, the
TEC in high latitudes is lower. During geomagnetic storms,
the model-fitting effect declines rapidly. For a more detailed
comparison of the models and more thorough analysis
of the ionosphere, data with longer temporal scale and
stations with more uniform spatial distribution are needed.
Furthermore, the ionospheric data characteristics under both
different seasons and states of geomagnetic activity must be
considered further.
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