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We present a new technique for estimating the absolute vertical and slant total electron content (TEC). The estima-
tion is based on single-frequency joint phase and pseudorange GPS/GLONASS measurements at single stations.
Estimated single-frequency vertical TEC agrees qualitatively and quantitatively with the dual-frequency vertical
TEC. For analyzed stations a typical value of the difference between the single-frequency vertical TEC and dual-

frequency ones generally does not exceed ~ 1.5 TECU with RMS up to ~ 3 TECU.
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INTRODUCTION

The first studies to assess the daily dynamics of the total electron content (TEC) in the ionosphere based on da-
ta from global navigation satellite systems (GNSS) were published in the late 1980s. [Lanyi, Roth, 1988]. The evo-
lution of this line of research, on the one hand, led to the development of Global lonospheric Maps (GIM) [Schaer et
al., 1998a; Manucci et al., 1998; Hernandez-Pajares, 2009], which, in turn, significantly advanced ionospheric re-
search [Afraimovich et al., 2008; Liu et al., 2009; Hocke, 2008; Lean et al., 2011; Gulyaeva, Veselovsky, 2012;
Cherniak et al., 2014], and, consequently, stimulated the development of new ionospheric models [Ivanov et al.,
2011]. On the other hand, a large number of studies to determine the vertical TEC at an individual station have been
carried out [Durmaz, Karslioglu, 2015; Themens et al., 2015; Yasyukevich et al., 2015], which provided extensive

data to elaborate the ionospheric models [Gulyaeva, 2016; Themens, Jayachandran, 2016].

In most of the studies, TEC was estimated using data from dual-frequency (L1, L2) radionavigation receivers.
The algorithm for single-frequency data is well known [Afraimovich, Perevalova, 2006; Mayer et al., 2008], but it
has not gained widespread currency because of high noises of group measurements [Kunitsyn et al., 2007]. Alt-
hough noises of group measurements are high enough, it can be expected that TEC estimates are quite adequate due
to averaging. Accordingly, it is interesting to explore the possibility of determining TEC from single-frequency
GNSS data. In 2012, Schuler, Oladipo [Schuler, Oladipo, 2012, 2014] implemented a scheme for determining verti-
cal TEC from single-frequency measurements. Unfortunately, these articles do not describe in detail the algorithm
for determining TEC, thus making it difficult to obtain similar results. In 2014, we proposed an algorithm Tay-
ADbsTEC for restoring the absolute vertical TEC [Mylnikova et al., 2014; Yasyukevich et al., 2015] as well as its

gradients (linear and quadratic) and time derivatives (first and second), using dual-frequency measurements from an

128


mailto:yasukevich@iszf.irk.ru
mailto:manna@mail.iszf.irk.ru
mailto:ivb@ivb.baikal.ru

Yu.V. Yasyukevich, A.A. Mylnikova, V.B. lvanov

individual GPS/GLONASS station. With some minor modifications, this algorithm can be also applied to single-
frequency data. At the same time, along with the restoration of the absolute vertical TEC, it is possible to eliminate
ambiguity from TEC measurements. As a result, absolute measurements can be made of slant TEC along satellite—
receiver lines of sight. This can be used to solve applied problems of correcting the ionospheric effect on radio sys-
tems [Afraimovich, Yasukevich, 2008; Forte, Aquino, 2011; Ovodenko et al., 2015].

In this paper, we present a technique for determining absolute TEC, its gradients and time derivatives, as well
as for eliminating ambiguities of measurements for some series of slant TEC along a satellite—receiver line of sight

from single-frequency measurements.

TECHNIQUE FOR DETERMINING
ABSOLUTE IONOSPHERIC PARAMETERS FROM SINGLE-FREQUENCY DATA

To determine the absolute TEC, its gradients and time derivatives, as well as to eliminate ambiguity of measure-
ments for series of slant TEC along a satellite—receiver line of sight using data from an individual GPS/GLONASS
station, we have adopted the following algorithm similar to that applied to dual-frequency observations [Yasyukevich
etal., 2015].

1. Calculation of slant TEC (lp,) from simultaneous group and phase measurements:

ol
Pe ™ 240.308

[(R-LA,)+K+aLP], @)

where f; is the main operating GNSS frequency (GPS, GLONASS, or others); P, is the additional radio propagation
path that is associated with the ionospheric group delay and calculated from P1- or C1-code, m; L12; is the addition-
al radio propagation path associated with the phase delay in the ionosphere, m; L, is the number of phase rotations at
the main GNSS frequency; A, is the wavelength, m; K is the constant value determined by the ambiguity of phase
measurements and the time of signal propagation in satellite and receiver equipment; aLP are total noises of phase
and group measurements at the main frequency. The elevation cutoff is 10°. Simultaneously with the computation of
the TEC series, we calculate elevation angles and azimuths of satellites. The calculation is performed for both GPS
and GLONASS data, no distinctions made then between GPS and GLONASS data.

2. Separation of data series into continuous time intervals. This stage is quite important since the phase ambi-
guity during data discontinuity usually changes. Maximum length of the series is limited by the time of satellite ob-
servation and can be as long as ~8 hours. The minimum length of a continuous interval is chosen arbitrarily. In the

implemented algorithm, a series with a 30-s time resolution should contain at least 10 measurements.
3. Detection and elimination of the impact of outliers and cycle slips in TEC data [Blewitt, 1990].

4. Evaluation of the absolute vertical TEC, its gradients, and time derivatives with a simple measurement mod-
el. Ambiguity in measurements K is estimated at a time. Parameters of the model are determined by minimizing the

root mean square (RMS) of experimental and modeled data (see below).
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5. Elimination of ambiguity from slant TEC data obtained in Section 3.

Figure 1 shows initial (without eliminating ambiguity and outliers) series of slant TEC obtained from single-
frequency (gray curve) and dual-frequency (black curve) measurements at the NRC1 station (45.5° N, 104.4° W). It
can be seen that the TEC series derived from single-frequency data is characterized by a high noise level. Neverthe-
less, the form of the series is very similar. This is to be expected provided that receiver measurements are correct
and there is no strong receiver clock bias. Noises of measurements if they are uncorrelated and have no systematic

component should not play a big role because with RMS minimized, the solution should become optimal.
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Figure 1. Slant TEC series derived from single-frequency (gray curve) and dual-frequency (black curve) meas-
urements made at the NRC1 station (45.5° N, 104.4° W) using G18 GPS satellite data

In general terms, the measurement model of slant TEC Iy, has the following form:
Iy =Sl (6. L t)+ 1 5, 2

where ¢ is the geographic latitude of the ionospheric point — the point of intersection of the satellite—receiver line of sight
with the ionosphere at a height of 450 km, | is the geographic longitude of the ionospheric point. The index i is put into
correspondence with the discrete measurement time and j into correspondence with the number of continuous interval

(separately for each satellite and each continuous interval), Iy is the absolute vertical TEC, Iy is the constant for a continu-
ous interval associated with ambiguity in phase measurements and signal delay in receiver and satellite paths, S} is the

obligue factor in the approximation of a thin, single-layer ionosphere.

In this article, we focus on the oblique factor used in [Yasyukevich et al., 2015]

i P RE H Y N
S\ = {cos{arcsm [—RE e sin[c.(90 - 6; )]JH , (3)

where Rg is the Earth radius, hy. is the height of the thin spherical layer (450 km), 0=0.97, eii is the satellite eleva-
tion angle.
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Using the Taylor expansion at the point (¢o, lo, to), We can write

_ S & (A9 (A Ay ™,
|V(¢,|,t)_r§§§ mintkt agralar (4)

where A ¢ is the difference in latitude between coordinates of the ionospheric point and station ¢ o; Al is the difference in
longitude between coordinates of the ionospheric point and the station lo; At is the difference between measurement time

and the time t, involved in the calculation.

Restricting ourselves to the first three terms [Yasyukevich et al., 2015], we get

Ty =Sy (0. 1y, o)+ G,AQ, +
G, , (A0} )2 +GAl+G, (Al )2 + )

. \2
+GAL; +G, (At}) I+l

Here, G,=0ly/d9, G=oly/dl, Gq y=0°I\/0h?, Gq =0°lv/oF° are linear and quadratic spatial gradients of TEC;
G&=oly/ot and Gq_t=[;’zl\,/é’t2 are the first and second time derivatives. Mixed space and time derivatives can be ig-
nored if assumed that characteristic TEC gradients during the period involved in the calculation change more slowly
than the vertical TEC itself.

We simultaneously calculate the parameters for a full day for different moments of time t*, solving a compati-
ble system of equations. To obtain parameters for each moment of time t* (t; and t, in Figure 2), we consider data for
the interval of +1 h relative to t* (see Figure 2). Arrows in Figure 2 indicate boundaries of the intervals related to t,
and t,. The interval that includes data from 6 to 8 UT pertains to t;; from 7 to 9 UT, to t,. As testing shows, the time
resolution for the estimated parameters may be from several hours to 10 minutes. In this paper, we present parameters

with a time resolution of 1 hr. This choice stems from the fact that the maximum resolution of GIM maps is 1 hr.
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Figure 2. Contribution of measurements of individual satellites to estimates of vertical TEC at different moments

of time
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The system of equations derives from minimizing functional (6) for each selected t*, for which the param-
eters are estimated by least squares:

Nj

Uk :izmkyij(lMij _Iexpij )2’ (6)

=1i=1
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where |, are experimental single-frequency measurements of slant TEC made after stage 3 of the algorithm; @ is the
Heaviside function;t‘j is the i-th instant of j-th satellite measurement; At‘j'k is the time difference between the current

measurement and the time t* involved in the calculation; At=1 h is the maximum time difference at which the data are
still used to estimate the current ionospheric parameters. The presence of the multiplier 1/S in (7) leads to the fact that
the greatest contribution comes from measurements at large satellite elevation angles.

Differentiating (6) from each of the parameters of model (5) 1, G¥;, G¥, G*, 4, G*,1, G*, G*,1, I« for each in-
stant, we obtain a system of 7J+M equations (J is the number of instants in the interval of interest involved in the

calculation, M is the number of continuous intervals for all observed satellites).

EXPERIMENTAL RESULTS

For the analysis, we have used data from the dual-frequency receiver network IGS [Dow et al., 2009] in the
Asian and American sectors of the Northern Hemisphere (the IRKJ (52.2° N, 104.3° E), NRC1 (45.5° N, 104.4° W),
and YELL (62.5° N, 115.5° W) stations). This enabled us to obtain TEC estimates not only with the algorithm for
single-frequency measurements but also with the similar technique TayAbsTEC for simultaneous dual-frequency

phase and group measurements [Yasyukevich et al., 2015].

Figure 3 depicts the results of the above described algorithm in comparison with the results obtained with
TayAbsTEC. This figure also presents vertical TEC data from global ionospheric maps GIM of the CODE labora-
tory [Schaer et al., 1998a], available on the website [ftp://cddis.gsfc.nasa.gov/gps/products/ionex/] in IONEX for-
mat [Schaer et al., 1998b].

The time resolution is 1 hr for data from a single station and 2 hr for GIM data.
Referring to Figure 3, the dynamics of the vertical TEC obtained by different methods is qualitatively and
quantitatively the same. At the same time, as, say, for May 20, 2014 (Figure 3, b), we can have a difference over 2

TECU. In some cases, there are more significant errors between single-frequency and dual-frequency data. The dif-

ference with CODE data is commonly greater.
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To evaluate the possible error, we computed the distribution of differences between values acquired from
single-frequency and dual-frequency measurements. To do this, for each of the days of 2009 (minimum solar
activity) and 2014 (maximum solar activity) we calculated series of the absolute vertical TEC from single-
frequency and dual-frequency measurements, using GPS/GLONASS IRKJ and NRC1 data. Then, we built a
histogram of distribution of the difference between these parameters determined by the two methods. The time
resolution in the calculation was 1 hr. The results are shown in Figure 4. The histograms are normalized to the
total number of measurements Niga.
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Figure 3. Daily dynamics of TEC over the NRCI1 station (45.5° N, 104.4° W) on May 20, 2009 (a) and May
20, 2014 (b)
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Figure 4. Histogram of distribution of the difference between vertical TEC obtained from single-frequency and
dual-frequency measurements at the stations NRC1 (a) and IRKJ (b) in 2009 and 2014
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For the NRC1 station, we can see a systematic component of ~0.5 TECU and a scatter with RMS of ~1.5 TECU for
low solar activity, and ~-0.5 TECU and ~ 3.5 TECU for high solar activity. For the IRKJ station, these values are higher:
the systematic component is ~—-1.5 TECU and RMS is ~ 2.5-3 TECU. Notice that the values of the difference correspond
as a whole to noises of initial measurements. Moreover, these errors (deviations) correspond in the order of magnitude to
the systematic and random deviations of GIM maps of different laboratories. Accordingly, these deviations may be con-
sidered quite acceptable. A reason for the difference is likely to be the non-Gaussian shape and/or zero offset of group

measurement error distribution. This issue requires an in-depth study.

Another sufficiently important question concerns the efficiency of the algorithm under disturbed condi-

tions, as well as its performance in a high-latitude region during irregular intense disturbances.

We calculated the vertical TEC dynamics for the strong magnetic storm of March 17, 2015 [Astafyeva et al.,
2015]. Figure 5 illustrates the daily dynamics of the absolute vertical TEC over the mid-latitude station IRKJ
(52.2° N, 104.3° E) (a) and high-latitude station YELL (62.5° N, 115.5° W) (b). We can see that for middle lati-
tudes the general dynamics is restored quite well. For high latitudes, the performance of the algorithm is signifi-
cantly low, although it can still give acceptable results. In the test analysis carried out in a high-latitude region for
a number of stations, we failed to obtain adequate TEC estimates. The possibility for estimating TEC at high lati-
tudes depends on the data quality, which is generally worse at high latitudes than at middle ones. Cycle slips at
high measurement noise levels strongly affect the quality of initial data in stage 4. This can make it impossible to
derive an adequate solution. The development of the proposed technique can go toward improving the pre-

processing of initial TEC series and toward reducing the influence of cycle slips and measurement noises.

Vertical TEC
single-frequency data
————— dual-frequency data
— - — CODE data

0 4 8 12 16 20 24 0 4 8 12 16 20 24
UT, hours UT, hours

Figure 5. Daily dynamics of the absolute vertical TEC over the mid-latitude station IRKJ (a) and the high-
latitude station YELL (b) during the strong magnetic storm of March 17, 2015
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Figure 6 sheds light on how to obtain absolute values of slant TEC. Here, we present initial single-frequency
TEC measurements (black solid line), single-frequency TEC measurements after disambiguation (gray curve), as
well as dual-frequency measurements of phase TEC with phase ambiguity eliminated (dashed curve). The figure
shows data for May 11, 2009. It can be seen that for the chosen satellite the corrected measurements are positive
definite compared to initial measurements. Finite measurements here are “pure” measurements with no filtering ef-
fects. The figure demonstrates agreement between single-frequency and dual-frequency measurements of slant TEC
after disambiguation. After being smoothed, single-frequency data can be used to correct ionospheric models or to

solve a number of practical problems.
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Figure 6. Slant TEC along the G12 GPS satellite—IRKJ station line of sight, May 11, 2009

CONCLUSION

We believe that the technique for obtaining absolute TEC values from single-frequency measurements can pro-
mote the development of ionospheric monitoring, especially in the Russian Federation, where the number of dual-
frequency receivers is not as great as, for example, in Japan or the United States. As our analysis shows, single-

frequency measurements of vertical TEC rank only slightly below dual-frequency measurements in quality.

A restriction on the use of this technique for single-frequency GPS/GLONASS equipment is that the quality of
phase and group measurements with general-purpose receivers can be lower than those with special-purpose 1GS
equipment. Accordingly, in the future we plan to estimate the effect of noise level on data quality as well as to com-

pare noise characteristics of general- and special-purpose receivers.

We are grateful to Padokhin A.M. for useful discussion and valuable comments. We appreciate the IGS network [Dow
et al., 2009] for providing the GPS/GLONASS data used in this work.
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