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ABSTRACT

Global Positioning System (GPS) signals are delayed when passing through the ionosphere due to
an ionospheric refraction effect. The ionospheric-free linear combination of GPS signals can
eliminate most of the error caused by the first-order ionospheric term. However, the influence
of higher-order ionospheric terms remains, and it should be accounted for when conducting high-
precision geodetic applications. In this study, we use data from twenty-one GPS continuous
operating stations from different observing networks distributed in Antarctica and analyze the
effect of the second-order ionospheric term on GPS positioning during the whole year for 2012.
Results show that the effect on these stations is at the level of submillimeters to millimeters, and
the effect in summer is several times higher than it is in winter. In addition, this effect is found to
be positively correlated to the change of the total electron content over the Antarctic continent.
On the other hand, all of the stations show the southward and upward movements derived from
the effect. The common and seasonal displacement trends displayed in the Antarctic region
should not be ignored in future high-precision research or applications but should be brought
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to attention, especially when total electron content in the ionosphere is high.

Introduction

In the past few decades, Global Positioning Systems
(GPS) have not only been popularized in daily life but
have also thrived in scientific research applications. At
present, in various fields of research carried out in
Antarctica, GPS is widely used in the study of plate
kinematics and geodynamics (Dietrich et al. 2004;
Capra, Mancini, and Negusini 2007), glacier ice veloci-
ties (Frezzotti, Capra, and Vittuari 1998; Manson et al.
2000), postglacial rebound and ice mass balance
(Donnellan and Luyendyk 2004; Argus et al. 2014), iono-
spheric characteristics (Krankowski et al. 2005; Tiwari
et al. 2012), precipitable water vapor (Suparta et al.
2008), and so on. Researchers are making greater
demands for GPS positioning accuracy, and centimeter-
or even millimeter-level precision has become common.

From transmission in space to reception on the
ground, GPS signals are affected by various factors,
resulting in a variety of errors that are absorbed in
the observables. Among all kinds of errors in GPS
measurements, the ionospheric error has always been

significant—range error derived from an ionospheric
effect can vary from a few meters to tens of meters at
the zenith (Klobuchar 1996). Based on dual-frequency
GPS measurements, the ionospheric-free combination
has long been adopted to reduce the refractive error,
which can eliminate more than 99.9 percent of the
error derived from the first-order ionospheric term
(Hernandez-Pajares et al. 2011). The impact of the
remaining higher-order ionospheric terms is relatively
small, and studies show that the effect of the second-
order ionospheric term, which relates to the total elec-
tron content (TEC) in the ionosphere and the magnetic
field of the earth, can still reach up to millimeter to
centimeter levels (Bassiri and Hajj 1993; Kedar et al.
2003; Morton et al. 2009). In some extreme cases, such
as during an ionospheric storm, the impact becomes
even higher (Fritsche et al. 2005). Thus, when high-
accuracy geodetic applications are being conducted, the
effect of the second-order ionospheric term on GPS
positioning cannot be ignored and should receive
more attention.
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The influence of the second-order ionospheric term
varies all over the world, and compared with other
regions, there are currently few studies on the effect
of the second-order ionospheric term on GPS position-
ing in the Antarctic region. In this study, we adopted
GPS data from multiple observing networks:
International GNSS Service (IGS; Dow, Neilan, and
Rizos 2009), the Polar Earth Observing Network
(POLENET), and a private network, with a time span
from 1 January through 31 December 2012. Then the
effect of second-order ionospheric term on GPS posi-
tioning in Antarctica was analyzed. In the analysis
process, the Global Ionospheric Map (GIM), released
by the Center for Orbit Determination in Europe
(CODE) was used as our TEC source, and the latest
twelfth generation of the International Geomagnetic
Reference Field (IGRF-12) was used to determine
both the size and direction of the magnetic field
above the earth. Results show that the second-order
ionospheric term derives an effect of submillimeter to
millimeter yearly motions on those stations, and the
motions vary seasonally along with local TEC and pre-
sent a systematic shift to the south and upward.

The second-order ionospheric term and its
residual error in ranging

The ionosphere is the zone of the Earth’s upper atmo-
sphere, covering altitudes from about 60 km to more
than 2,000 km. When the signal is transmitted from
a GPS satellite orbiting at an altitude of 21,000 km to be
received on the ground, it is delayed when passing
through the ionosphere. Because the ionosphere is
a dispersive media—that is, the wave propagation
speed depends on the frequency (Crawford 1968)—the
dependence on the signal frequency is taken advantage
of by removing the GPS signal ionospheric delay by
using a dual-frequency combination.

There are two types of GPS observables—code and
phase range measurements. Based on the expansion of
the Appleton-Hartree formula, they can be expressed as
(Bassiri and Hajj 1993)

N
Pf:p+%+]§+A (1)

L?:P+ni)ti—i——f+A' (2)

where the index i = 1, 2 denotes the GPS carrier frequen-
cies, with f; = 1,575.42 MHz and f, = 1,227.60 MHz; k
refers to the pseudorandom noise number of GPS satel-
lites; P¥ and L refer to code and phase range measure-
ments, respectively; p denotes the true geometric range
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between satellite and receiver; n; and A; refer to the carrier
phase integer ambiguity and wavelength; and A and A’
denote other residual errors originating from clocks, tro-
pospheric delay, multipath effects, differential code biases,
etc., in code and phase range, respectively. The iono-
sphere-related parameters g and s are given by

q= 40.28JNedL 3)

s = 7527 x cJNe|B0| cos OgdL (4)

where Ne denotes the electron density along the pro-
pagation path of GPS signal L, By denotes the magnetic
field vector on a certain height above the Earth, ¢
denotes the velocity of the light in vacuum, and 0p
denotes the angle between L and By. Because the elec-
tron density along the whole signal path is hard to
attain in practice, a thin-layer model is always used
(e.g., Mannucci et al. 1998; Figure 1). It assumes that
all of the electrons in the ionosphere are concentrated
at a particular height, and TEC, the total electron con-
tent in a cylinder, of which the bottom area is 1 m> is
used in the calculation. In this study, we choose 450 km
above the Earth as the height of the thin layer.
Furthermore, By will correspond to the magnetic field
at the ionospheric pierce point (IPP). Accordingly,
Equations (3) and (4) can be rewritten as

q = 40.28 x TEC (5)

s = 7527 X ¢ X |Bg| x cosfp x TEC (6)

In order to describe TEC in a uniform manner, an
obliquity factor (OF) is adopted to convert it to vertical
TEC (i.e., VTEC) as follows (Schaer 1999):

TEC = OF x VTEC 7)

OF =1/ cos(7) (8)

Because the phase range measurements have better pre-
cision than code, a linear combination of phase measure-
ments is usually adopted to form the ionospheric-free
combination, where the first-order ionospheric term is
totally eliminated. The linear combination is expressed as

fi £
LC = L,
f-£ R-f
Ep+1Ic

L - )

where I} ¢ denotes the ionospheric ranging error remain-
ing in the combination. Based on Equations (2) and (5)
through (9), the residual error in GPS ranging, derived
from the second-order ionospheric term, is given by
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Figure 1. Geometry of the thin-layer model (not to scale). R is the radius of the Earth, and H corresponds to the height of the thin
layer. Compared with R and H, the height of Earth’s surface and antenna height are so small that they can be ignored. Z denotes the

zenith angle at the IPP.

v~ (377 )

7527
X ¢ X |Bg| x cos0p x VTEC
cos(z')

(10)

Data sources

It is clearly seen from Equation (10) that if I;¢ is going
to be solved, the values for cos(z’), |Bo|, cosfp, and
VTEC must be known. In our solving process, the
values of these parameters are determined by GIM
and IGRF-12.

The global ionosphere map

CODE is one of the Global Analysis Centers for IGS,
and GIM is generated on a daily basis at CODE using
data from about 200 GNSS sites of the IGS and other
institutions. The GIM product is in the so-called
IONosphere map EXchange format, and it provides
worldwide TEC maps with 2-hour temporal resolution
and 2.5° x 5° spatial resolution in latitude and long-
itude, respectively. The precision and reliability have
long been proved by researchers (Hernandez-Pajares
et al. 2009), and it is widely used in a variety of applica-
tions as a VTEC source. In this study, we interpolated
GIM in both the time and space domains and obtained
the VTEC values for each observation epoch at each
IPP in 2012. Figure 2 shows the VTEC distribution
450 km above Antarctica at 0:00 UTC, 1 January 2012.

International geomagnetic reference field: The
twelfth generation

In this study, IGRF-12 was adopted to determine the
magnetic field vector on the height of thin layer; that is,
both the intensity and direction of B.

The IGRF is a series of mathematical models of the
internal geomagnetic field and its annual rate of
change. The latest IGRF-12 was released by the
International Association of Geomagnetism and
Aeronomy in December 2014 and provides
a definitive geomagnetic reference field model for cal-
culating the magnetic field in near-Earth space during
epochs 1900 to 2020 (Thébault et al. 2015). On and
above the surface of the Earth, the magnetic field B can
be defined by the following equations:

B=-VV (11)

n

()" g (1) cosm ¢

r

N
V(r,0,¢,t)=a)

n=1 m=0

+h"(t) sinm ¢] x Pl'(cosf)  (12)

with V' denoting the magnetic scalar potential. The
symbols r, 0, ¢, and ¢ are used to determine the location
and time in the geomagnetic coordinate system, where
r denotes the radial distance from the center of the
Earth, a = 6,371.2 is the geomagnetic conventional
mean reference spherical radius of the Earth, g/ and
h" are Gauss coefficients, and the function P! (cos 0) is
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Figure 2. VTEC distribution 450 km above Antarctica at 0:00 UTC, 1 January 2012. One TEC unit (TECU) = 10'® electrons/m?.

the Schmidt quasinormalized associated Legendre func-
tion with degree n and order m.

Based on Equations (11) and (12), the geocentric com-
ponents of the geomagnetic field in the northward, east-
ward, and radially inward directions (X, Y, and Z) are
given as

lea_V Y = 1 9V

_ oV
r 06’ " 7rsinf d¢ Z_W (13)

As seen from the above, the magnetic field vector By at
IPP can thus always be calculated. Furthermore, the
range vector from each GPS satellite to a local receiver
at every epoch can be worked out by given ephemeris and
coordinates files; thus, cos(z’) and cosp can also be
calculated at the same time. The magnetic field distribu-
tion in Antarctica using IGRF-12 for 1 January 2012 and
450 km above the Earth is shown in Figure 3, calculated
by the function “igrfmagm” in MATLAB Aerospace
Toolbox (Blakely 1996; Lowes 2010).

Research indicates that the former IGRF-10 and -11
models are quite compliant with the measured B field in
the ionosphere 92.80 percent of the time (Matteo and
Morton 2011). Because the IGRF-12 model is considered
to be at least of the same accuracy, the latest model is of
sufficient accuracy for use as input data in this study.

Distribution of Antarctic GPS stations

At present, there are tens of continuously operating GPS
stations located in Antarctic continent (Figures 4 and 5a),

and the most important observation networks are the IGS
and POLENET networks. In addition, some scientific
research stations have established their own GPS observing
systems. IGS is the largest GPS observation network in the
world, and its Antarctic observatories are mainly distribu-
ted along the coast; POLENET is primarily focused on
collecting GPS and seismic data, and the observatories are
distributed both along the coast and in some inland areas.
In order to cover as much of the Antarctic continent as
possible, we selected twelve stations from IGS, seven sta-
tions from POLENET, and two stations run by the Chinese
Antarctic Center of Surveying and Mapping (CACSM),
Wuhan University, as our input data, and the time span
was the entire year 2012. The geographic distribution of the
twenty-one stations is shown in Figure 5a, and
Figure 5b depicts the IPP distribution of each station from
00:00 to 12:00 UTC to day 20120101, showing a good
complementarity of different observed network data over
the whole of Antarctica.

Estimation strategy

The residual GPS ranging error caused by the second-
order ionospheric term was analyzed, as shown in
Equation (10), and in the previous section all of the
data sources are described in detail. In order to inves-
tigate the effect of the second-order ionospheric term
on GPS positioning in Antarctica, the positioning error
should correlate with the ranging error.
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Figure 3. Geomagnetic field intensity distribution in Antarctica on 1 January 2012 450 km above the surface of the Earth, calculated
based on IGRF-12. (a) Total intensity and (b)—(d) the field intensity in the x, y, and z, directions, respectively. The unit of geomagnetic

field intensity is nano Tesla.

In addition to simulation, Geiger’s (1988) error esti-
mation method proposes analytical or semianalytical
solutions in many cases for estimating different distur-
bances in GPS measurements, and the method has been
adopted in some research involving the second-order
ionospheric term (Munekane 2005; Liu et al. 2010). Let
us consider the coordinate system whose axes point
toward the east, north, and vertical directions, respec-
tively. The ranging error, I;c, correlates with the posi-
tioning error as follows:

ILC =C-r (14)
C = (e, e2,€3) (15)
r=(x,y, z)T (16)

where C is a design matrix and r is the GPS positioning
error of a station. The components of C are given as

e; = —sinfsin A (17)
e, = —sinfcosA (18)
e3 = —cos0 (19)

with 6 and A denoting the zenith and azimuth angles of
the GPS satellite, respectively. The components x, y,
and z in the vector r denote the positioning error in
the east, north, and vertical directions, respectively.
According to Equation (10) and the equations above,
the estimation equation is finally formed as

( 1 1 +1 1 ) o 7527
—= = c
26 =f2) 267 —f))  cos()
X |Bg| x cos 8 x VTEC

—sin@sind\ " X
= | —sinfOcosA Ny (20)
—cos 6 z

Considering that GPS is designed to receive signals
from at least four different satellites anywhere on the
Earth at any time, at least four (usually more than five
and sometimes more than ten) values can be obtained
for the left-hand side of Equation (20) at every epoch.
On the right-hand side, the number of unknown para-
meters is only three, namely, x, y, and z. Hence, the
positioning errors can be estimated by least squares.
Because the sampling rate of network IGS, POLENET,
and CACSM stations is always 1/30 Hz or higher,



Figure 4. Antenna of continuously operating GPS system in
Zhongshan Base, Larsemann Hills, East Antarctica. The GPS recei-
ver type is LEICA GRX1200PRO, and the antenna type is LEIAT504.

within a single day, more than 2,000 sets of estimates
can be obtained. In this study, we solved the estimates
on the twenty-one stations for the whole year for 2012
and then analyzed them as time series. Figure 6 shows
a flowchart of the data processing.

Results and discussion

We estimate the positioning error caused by
the second-order ionospheric term for each station at
a sampling interval of 30 seconds over the course of
the year 2012. Time series of the positioning error are
shown in Figure 7 and the mean values are shown in
Table 1. The mean values are calculated in two ways, in
which the annual mean value is used to describe the
size of the positioning error for the entire year 2012,
and the mean values in January and July are used
respectively to represent the characteristics of the posi-
tioning error in the Antarctic summer and winter.
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It can be seen from Figure 7 that the effect of
the second-order ionospheric term on GPS positioning
over these stations is on the submillimeter to millimeter
level. The effect in each direction is generally different,
and the effect in the x direction is obviously less than
that in the y or z direction in size. In addition, the
values of y are always negative, whereas the values of
z are always positive. In addition, the positioning error
on each station is rather small in Antarctic winter,
whereas it becomes several times larger in Antarctic
summer, and the effects on all of the stations seem to
share certain degrees of synchronization at the
timescale.

As seen from Table 1, the yearly average position-
ing error derived from the second-order ionospheric
term in the x, y, and z directions is 0.175, —0.866, and
1.390 mm, respectively. Moreover, the effect in
January (Antarctic summer) is much higher than it
is in July (Antarctic winter) by 5.33 times on average
in each direction. According to the mean values of
positioning error, Figure 8 was drawn to show the
motion derived by the second-order term for each
station.

Figure 8 shows that all GPS stations have a tendency
to drift toward the south in the horizontal direction and
upward in the vertical direction. In other words, if only
the first-order ionospheric term were considered for
these stations, as the commonly used ionospheric-free
combination in Equation (9), the residual errors of
the second-order ionospheric term would derive
a tendency of moving toward the South Pole horizon-
tally and upward vertically.

On the other hand, according to Equation (20), the
positioning error is positively correlated with the VTEC
value. Because local VTEC is closely related to solar
activity, there is a strong seasonal variation. After
observing the seasonal variations of the time series for
each station as well in Figure 7, it is reasonable to make
an assumption that the positioning error and local
VTECmay be positively correlated and synchronized
in the time domain. Based on GIM, Figure 9 shows
the averaged VTEC values above all twenty-one stations
in the whole year 2012.

It is clearly inferred from Figure 9 that the trend of
VTEC shows a positive correlation with the positioning
errors in Figure 7 in the time domain. In Antarctic summer
—that is, the beginning and end of the year—influenced by
polar day phenomenon, VTEC remains at a relatively
higher level, resulting in the positioning error in each
direction becoming larger; in contrast, in Antarctic winter
—that is, the middle of the year—influenced by polar night
phenomenon, VTEC plummets, and the positioning error
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Figure 5. (a). Geographic distribution of the continuously operating GPS stations adopted in this study. Note that KUNL (Kunlun
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Figure 6. Flowchart of the data processing. TEQC (Translation, Editing, and Quality Check; Estey and Meertens 1999) and GPSTk (GPS
Toolkit; Harris and Mach 2007) were used in the GPS preprocessing, and least squares estimation was undertaken in MATLAB

software.

in each direction decreases accordingly. Moreover, in
Figure 9, the VTEC values were reduced abnormally in
October, and this anomaly is confirmed in Figure 7. In
order to better demonstrate the synchronization of VTEC

and the positioning error derived by the second-order
ionospheric term, we narrowed the timescale to the first
week of 2012, taking Zhongshan station (ZHON) as an
example, and drew Figure 10.
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Table 1. Mean values of GPS positioning errors in x, y, and z directions for each station derived by the second-order ionospheric term
during the whole year for 2012 (mm).

Mean value yearly Mean value in January Mean value in July

Station name X y z X y z X y z

BERP 0.145 -1.316 1.583 0.280 -2.132 2.564 0.016 —-0.399 0.474
CAS1 0.146 —-1.589 1.839 0.195 -2.377 2.675 0.081 —-0.622 0.770
CRDI 0.275 -0.279 1.292 0.504 —-0.476 2.289 0.089 —-0.076 0.318
DAV1 —-0.141 -1.570 1.537 -0.222 -2.304 2.309 —0.051 —-0.586 0.587
DUM1 —0.061 -1.203 1.798 —0.125 -1.783 2.606 —0.009 —0.491 0.786
INSN 0.590 —-0.802 1.451 0.811 —-1.287 2.285 0.191 —-0.215 0.361
KUNL — — — 0.198 -1.286 3.023 — — —

LPLY 0.383 -1.067 1.244 0.717 -1.996 2418 0.149 —0.338 0.417
MAW1 -0.419 -1.375 1.403 -0.573 -1.913 2.048 —-0.146 —-0.462 0.490
MCAR —0.298 —0.907 1.590 —0.454 -1.304 2.465 —0.136 —0.349 0.550
MCM4 —-0.230 —-0.300 1.576 -0.187 0.221 2.188 —-0.120 —-0.145 0.617
OHI2 0.601 —-0.618 1.067 0.973 -0.930 1.737 0.183 -0.213 0.367
OHI3 0.766 —0.595 1.119 1.246 —1.037 1.865 0.280 -0.154 0.384
PALM 0.759 —-0.736 1.150 1.304 —-1.265 1.977 0.259 —-0.158 0.372
PALV 0.758 —-0.718 1.158 1.299 -1.229 1.999 0.255 —0.158 0.375
RAMG —0.091 —-0.056 1.443 —-0.006 —-0.232 2.340 —0.055 0.037 0.487
ROTH 0.753 —0.796 1.225 1.303 -1.353 2127 0.255 —0.223 0.370
SYOG -0.412 —-0.894 1.184 —0.496 —-1.561 1.785 —-0.144 —0.205 0.376
VESL —0.083 —0.200 1.069 0.021 —0.422 1.778 —0.028 -0.012 0.327
WHTM 0.199 —0.846 1.549 0.423 —1.485 2,615 0.033 —0.198 0.431
ZHON —-0.138 —1.451 1.529 -0.234 —-2.180 2.291 —-0.048 —0.531 0.567
Total 0.175 —0.866 1.390 0.332 -1.349 2.256 0.053 —0.275 0.471

Note. Refer to Figure 5 for GPS station positions.
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Figure 8. Yearly motion for each GPS station derived by the second-order ionospheric term. The arrows represent the size and
direction of horizontal movement, and the depth of the color represents the size of the upward movement.
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Figure 9. Average VTEC values over all twenty-one stations for the year 2012. The time interval was set to every 2 hours.

Figure 10 shows the correlation and synchronization of
the positioning error and the VTEC in a more obvious way.
Even when the VTEC changes in a diurnal sense, there
would be reflection on positioning error accordingly.

Summary and conclusions

This study aimed to investigate the effect of the second-
ionospheric term on GPS positioning in Antarctica. First,
the commonly used so-called ionospheric-free combina-
tion was given, by which the first-order ionospheric term

is totally eliminated. Second, the residual ranging error
derived by the second-order ionospheric term was intro-
duced and the positioning error in each direction was
derived. GIM and IGRF-12 were adopted to provide the
values of the vertical total electron content and the geo-
magnetic field of the Earth. GPS data from twenty-one
continuously operating stations in Antarctica from the
IGS, POLENET, and CACSM networks were used as
our data source. Based on the principles and data, the
positioning errors in each direction were estimated by
a least-squares method for the whole year for 2012.
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Figure 10. Relation of VTEC and the positioning error for the first week of 2012. The top panel shows the effect of the second-order
ionospheric term on GPS positioning in the x, y, and z directions at ZHON station. The bottom panel shows the average VTEC values

over the twenty-one stations.

Results show that the effect of the second-order iono-
spheric term on GPS positioning in 2012 is on the sub-
millimeter to millimeter level, and the yearly average
positioning error for the twenty-one stations in east,
north, and vertical directions is 0.175, —0.866, and
1.390 mm, respectively. The effect in the east direction is
less than that in the north and vertical directions in size,
and all of the stations show the southward and upward
movement derived from the effect. Moreover, the effect in
Antarctic summer is 5.33 times higher than it is in winter
on average in each direction. On the other hand, according
to the positioning error variation in the time domain, we
analyzed the relationship between the positioning error
and VTEC and found that the positioning error and local
VTEC are positively and highly correlated and synchro-
nized. Therefore, when conducting high-precision research
or applications related to Antarctica, the effect of
the second-order ionospheric term on positioning should
not be ignored, especially when TEC is high.

Today, research related to Antarctica is increasingly
valued by research communities around the world, and
GPS as a major or auxiliary method is widely used to
obtain high-precision spatial position, displacement, or
velocity information, especially in the case of plate
movement, ice flow velocity, postglacial rebound, etc.
This article may provide researchers with a new per-
spective on future data processing.

Moreover, this article only uses the most popular GPS
(U.S.) system here as an example; however, the current
trend is that increasing numbers of observing systems are
beginning to integrate GLONASS (Russia), BDS (China),
and GALILEO (EU) systems for greater precision and
stability, and many IGS tracking stations located in the
Antarctic have already integrated multimode GNSS obser-
vations. The influential mechanism of the ionosphere on
them is similar to that of GPS. However, because the signal
frequency and other characteristics are not the same, the
magnitude of the impact requires further study, which is
one of our future research directions. On the other hand,
we look forward to extend the experimental time span to
a much longer period, such as an entire solar cycle, and this
will better reflect the relationship between solar activity and
GNSS positioning error.
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