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Abstract 1onospheric scintillation occurs mainly at high and low latitude regions of the Earth and may
impose serious degradation on GNSS (Global Navigation Satellite System) functionality. The Brazilian territory
sits on one of the most affected areas of the globe, where the ionosphere behaves very unpredictably, with
strong scintillation frequently occurring in the local postsunset hours. The correlation between scintillation
occurrence and sharp variations in the ionospheric total electron content (TEC) in Brazil is demonstrated in
Spogli et al. (2013). The compounded effect of these associated ionospheric disturbances on long baseline
GNSS kinematic positioning is studied in this paper, in particular when ionospheric maps are used to aid the
positioning solution. The experiments have been conducted using data from GNSS reference stations in Brazil.
The use of a regional TEC map generated under the CALIBRA (Countering GNSS high-Accuracy applications
Limitations due to lonospheric disturbances in BRAZzil) project, referred to as CALIBRA TEC map (CTM), was
compared to the use of the Global lonosphere Map (GIM), provided by the International GNSS Service (IGS).
Results show that the use of the CTM greatly improves the kinematic positioning solution as compared with
that using the GIM, especially under disturbed ionospheric conditions. Additionally, different hypotheses were
tested regarding the precision of the TEC values obtained from ionospheric maps, and its effect on the long
baseline kinematic solution evaluated. Finally, this study compares two interpolation methods for ionospheric
maps, namely, the Inverse Distance Weight and the Natural Neighbor.

1. Introduction

Global Navigation Satellite Systems (GNSS) have been used in support of various applications such as preci-
sion agriculture, offshore operations, geodesy, surveying, mapping, land management, construction, and so
on. With the evolution of the GNSS techniques, including new generation GNSS, improvements in receiver
hardware/software, and processing algorithms, high-accuracy GNSS positioning is possible nearly anywhere
in the world. However, problems still remain over certain regions, for example, in Brazil, whose territory sits
around the area of the equatorial ionization anomaly (EIA) centered approximately 15° in latitude on either
side of the geomagnetic equator, which are frequently affected by harsh ionospheric conditions [Sreeja
et al., 2012]. High-accuracy GNSS positioning is challenging in Brazil not only due to the frequent occurrence
of scintillation (characterized by rapid fluctuations in the amplitude and phase of transionospheric radio sig-
nals) and the rapid variations of total electron content (TEC) but also due to the density of the available per-
manent GNSS networks, where the distance between stations can reach up to hundreds of kilometers, as, for
example, in the Sdo Paulo State based Real-Time Kinematic (RTK) network run by UNESP (Sdo Paulo State
University), the so-called URTKN (UNESP RTK Network). Despite these problems, GNSS is a highly demanding
technique in Brazil where high-accuracy positioning is required in support of various applications such as pre-
cision agriculture, offshore, surveying, land management, civil aviation, and geodesy [Park et al., 2015].

CALIBRA (Countering GNSS high-Accuracy applications Limitations due to lonospheric disturbances in BRAZil), a
project cofunded by the GNSS Supervisory Authority (GSA) under the European Commission Seventh Framework
Program (FP7), aimed to develop carrier phase-based high-accuracy algorithms for RTK and Network RTK (NRTK)
that are able to counter the adverse effects of ionospheric scintillation and sharp TEC gradients in Brazil.

The study described in this paper is part of the CALIBRA project outcomes and focuses on the long baseline
GNSS kinematic solution with the aid of external information about the ionospheric delay. For a long baseline
kinematic solution, the ionospheric delay is not easily canceled out by the double difference (DD) observable,
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Figure 1. Google Earth image showing GNSS stations in Sdo Paulo state including URTKN stations in green circles and
CIGALA-CALIBRA network stations in red circles; selected baselines (BL1, BL2, and BL3) are indicated in red lines.

so that the residual DD ionospheric delay must be estimated separately [Grejner-Brzezinska et al., 2004]. This
method mostly relies on the suitable use of external ionospheric information, which is commonly provided
via a so-called ionospheric map or TEC map. In this study, we developed a regional TEC map using a local
GNSS network and compared its performance with that of the global ionospheric map. Experiments presented
in this paper have been carried out using data from two GNSS networks in Brazil, namely, the URTKN, made up
of 11 stations established in the state of Sdo Paulo, and the lonospheric Scintillation Monitoring Receiver
network made up of 10 stations covering the Brazilian territory, referred to as CIGALA (CIGALA Concept for
lonospheric Scintillation Mitigation for Professional GNSS in Latin America)-CALIBRA network.

1.1. lonospheric Scintillation

The global morphology of ionospheric scintillation occurrence is well known [Basu et al., 2002], with peaks
over the auroral to polar latitudes (65°N-90°N geomagnetic latitudes) and over the equatorial to low latitudes
(20°N-20°S geomagnetic latitude). The processes governing the generation of scintillation are different over
these two regions, leading to significant differences in the characteristics of the monitored scintillation
effects [Sreeja et al., 2011]. Scintillation at high latitudes is associated with large scale plasma structures
and is generally controlled by the solar transients. However, at low latitudes, scintillation is not much depen-
dent on the geomagnetic conditions and intense scintillation events can occur during the post sunset hours
on geomagnetically quiet days. The most intense scintillation over these latitudes is associated with the
crests of the EIA [Aarons et al., 1980; Basu et al., 1988]. Scintillation can impair the GNSS receiver signal track-
ing performance thereby leading to a degradation in the positioning accuracy [Aquino et al., 2005; Krankowski
and Shagimuratov, 2006; Aquino et al., 2009; Akala et al., 2012; Sreeja et al., 2012].
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The effect of the ionospheric delay on GNSS positioning is highly related to the ionospheric conditions at the
two stations constituting the baseline, with the unmodeled DD ionospheric residuals propagating into the
positioning error. Alfonsi et al. [2011] made the first attempt to correlate the variability of the electron density
gradients and scintillation activity using data from high latitudes. The climatological assessment of the rate of
TEC (ROT) on irregularities scales of few to tens of kilometers, and its related distribution by means of ROT
standard deviation mapping was presented. A deeper investigation about the correlation between the occur-
rence of amplitude scintillation (as measured by the amplitude scintillation index, S4) and the standard devia-
tion of ROT over the Brazilian equatorial and low latitudes was discussed in Spogli et al. [2013], where it is
clearly demonstrated that the occurrence of scintillation significantly correlates with regional fluctuations
of TEC gradients. To better focus on the spatial gradients of TEC, a recent study by Cesaroni et al. [2015] shows
the correspondence between S4 occurrence and the standard deviation of the N-S TEC gradients, thus
indicating the variable N-S TEC gradients as the principal driver of amplitude scintillation.

This paper describes experiments involving long baseline GNSS kinematic positioning under different
scintillation conditions. The experiments have been conducted using different TEC maps and techniques,
applied in the context of the kinematic data processing.

1.2. Data Description

In Figure 1, red placemarks indicate Septentrio PolaRxS receivers, designed for ionospheric TEC and scintilla-
tion monitoring deployed during the CIGALA-CALIBRA projects. The GNSS receivers constituting the URTKN
are shown in yellow placemarks, consisting of geodetic receivers (JAVAD, Ashtech, Trimble, Leica, etc.). To
perform the experiments as described in section 3, the largest sampling rate (15s) provided by the URTKN
has been used.

For the purpose of this work, positioning results are evaluated considering one of the receivers as a simulated
rover. This allows the comparison between the kinematic positioning solution and the actual coordinates
(known) of the simulated rover. Three baselines of about 100 km were chosen, namely, BL1: SPCA-SJCU
(rover), 121.5 km; BL2: SPAR-SJRP (rover), 120.7 km; and BL3: CHPI-SJCU (rover), 115.3 km. Such baselines have
been selected according to the data availability and with the aim to cover two different geographic regions in
the Sao Paulo state. SICU receiver is one of the CIGALA-CALIBRA network stations while SPCA, SPAR, SJRP, and
CHPI are typical geodetic GNSS receivers: station SPCA is equipped with a LEICA GRX1200, stations SPAR and
SJRP with TRIMBLE NETRS8, and station CHPI with a JAVAD TRE_G3T.

2. Impact of TEC Map
2.1. Long Baseline RTK Mathematical Model

Equation (1) below represents the dual frequency double difference (DD) variables for GNSS observations:

‘ny('lj :pf](»’ - l:'/(‘lj + T:y(‘l + 2 NE‘{” + mf}{] + 55’1
Offy = plf — Iy + 5 + 2Ny + mify +eff )
Oy =l B+ T M
Py = ol + 18, + T + MY, + el

where superscripts k and / and subscripts i and j represent satellites and stations, respectively,CI)ﬁ}’,1 and CDf»j‘{z are
the DD carrier phase observables of L1 and L2, respectively, C,% and Pﬁ}{z are DD code pseudorange observa-
bles of L1 and L2, respectively,pf-}’ is the DD range between the stations i and j and the satellites kand /, and Ifj’1
If;{z are the DD ionospheric delays of L1 and L2, respectively. Note that these terms contain the first-order
ionospheric delay only. Tf»}’ is the DD tropospheric delay; 44,4, are the wavelengths of L1 and L2; N% and
N/, are the DD integer ambiguities on L1 and L2; mf!,, m¥,, MY, and MY/, are multipath errors of the phase
and code measurements on L1 and L2; and ¢, &/, €., and X, represent the phase and code measurement

ij, 1 0,20 =i ij,2
noise on L1 and L2.

The tropospheric delay in equation (1) for this study is computed based on a total zenith delay (TZD) model
and a mapping function (MF) for each ray path. The TZD was computed from Saastamoinen model
[Saastamoinen, 1972] for both hydrostatic and wet delays with the standard atmosphere model as a meteor-
ological data source. For the MF, the global mapping function (GMF) was applied [Boehm et al., 2006]. This MF
allows to calculate the TZD for each satellite-receiver link and, then, to remove its contribution in the GPS
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observation. Integer ambiguity is searched by the Least Squares AMBiguity Decorrelation Adjustment algo-
rithm [Teunissen, 1994] and the fixed/float solutions are determined using W-ratio test [Wang et al., 1998].
It should be noted that this study only used GPS constellation.

The GNSS positioning solution can be obtained by applying the adjustment computation theory. Equation (2)
shows the Gauss-Markov Model (GMM) for a DD GNSS solution with two stations, considering one station as a
reference and another for which the coordinates need to be estimated.

y=A:+e, e~(0,00W") )

The parameter determination for the GMM linear system is obtained by the least squares (LSQ) method. In
equation (2), y is an observation vector, consisting of dual frequency GNSS observations, i.e.,, C, P, ®1 and
®2 as defined in equation (1), & is a parameter vector representing the corrections to be applied to the initial
station coordinates as well as other unknown parameters like the delays due to the ionosphere, '}, I/, and
the ambiguities affecting carrier phase measurement, A is a design matrix for the elements in &, and e is the

observation error vector as a function of unit variance o3 and the weight matrix W.

For the kinematic solution, in the case of a short baseline and quiet ionospheric condition, it can be assumed
that the ionospheric delays of the four ray paths in the DD observable cancel each other out and conse-
quently that the ionospheric delay is negligible. However, for a long baseline and/or for disturbed iono-
spheric conditions, the DD ionospheric observable may contain a significant residual error, which must be
estimated separately by introducing a constraint based on a priori (external) information about the iono-

sphere, as in equation (3):
y=Al+e Je 0 2 W0
{Z:K§+eo’[eo]~({0}’ "0[ 0 QOD ®

where zis the a priori information for the ionosphere, in this case, it can be used to predict the DD ionospheric
delay terms of &, K is a design matrix, eq is the error vector of z, and Qq is the corresponding cofactor matrix.

If reliable TEC maps can be provided over the considered area, the DD ionospheric delay can be evaluated
along each ray path which can be included in z, whose stochastic characteristic is defined by o3Qo.

2.2. Global lonosphere Map (GIM) Versus CALIBRA TEC map (CTM)

There are several global and local ionospheric maps, which can be used as external ionospheric information
in GNSS positioning. One of the most easily accessible products is the GIM provided by the IGS. The GIM
product, used in the experiment described in section 3, consists of maps of vertical TEC (vTEC) obtained by
averaging the maps coming from different data centers all around the world [Herndndez-Pajares et al., 2009],
i.e, CODE (Center for Orbit Determination in Europe), ESA (European Space Agency), JPL (Jet Propulsion
Laboratory), and UPC (Polytechnic University of Catalonia). The GIM are made available in IONEX (lonosphere
map Exchange) over a regular grid, with spatial and temporal resolution of 5°x2.5° (latitude/longitude)
and 2 h, respectively.

In the CALIBRA project, the CTM, which fully covers the Sao Paulo state in Brazil, was generated by calibrating
the slant TEC (sTEC) according to the method described below. Using both carrier phase and code delay
observations, in the so-called geometry free combination, a new observable can be obtained as shown in
equation (4):

Lare = STEC + bg + bs + (gp)prc + 1 @

In equation (@), Lorc represents the carrier phase new observable “leveled” to the code delay one. The subscript
arc refers to any continuous arc of observation, by is the bias associated to the receiver hardware, b, is the bias
of the satellite hardware, (gp) . refers to multipath and noise on the code delay observation averaged over
an entire arc, and g, is the same errors on the carrier phase delay. sTEC is the slant TEC. ¢; can be neglected
when compared with the errors that affect the code delay [Braasch, 1996].

In other calibration methods, (¢p)arc is also considered negligible [Braasch, 1996; Mannucci et al., 1998] However,
the experiment described in Ciraolo et al. [2007] involving two colocated receivers acquiring signal from the
same antenna demonstrated that the contribution of (gp),.c is not always negligible, thus suggesting to
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maintain the (ep)arc term in equation (4), thus estimating a unique bias for each arc instead of bg and b, sepa-
rately for receivers and satellites, respectively. Thus, equation (4), representing the calibrated TEC, reduces to

Lare = STEC + Bore (5)

In equation (5), Barc is the arc offset, which is a constant to be estimated over each arc of observations related
to a given receiver and satellite pair. £, represents the sum of bgand b, and the contribution of any nonzero
averaged errors for, e.g., due to multipath. The sTEC is then projected to the vertical using a single layer
approximation according to which the relationship between slant and vertical TEC is the following:
sTEC
F(aelev)

VTEC = (6)

where

1
F(agley) = ————= @)

2
1— ReCOStteley
Re+Hipp

Even if it is well known that the single layer model fails to describe the absolute values of electron density in
case of global maps including the anomaly crests, in this study the simply approach used to retrieve sTEC and
to project it on vertical is sufficient to feed the needs of the positioning technique for two main reasons: first,
the region covered by this study is localized (latitude range: —23.21° to —22.12°% longitude range: —41.79° to
—51.41°) and second, the network is dense enough to provide a good coverage of the region.

For the needs of the positioning technique used in this study, the crucial information is the TEC difference
between the ionospheric pierce points (IPPs) relative to two different stations (master station and rover)
for the same satellite. In other words, the error introduced by the mapping function is partially canceled
out considering TEC gradients instead of absolute values of TEC [Cesaroni et al., 2015].

Thus, maps of calibrated vertical TEC at IPPs over the Sao Paulo state region were created in both scattered
data format, i.e,, vVTEC at each IPP, and grid format, i.e., vVTEC in a regular grid, with 1°x 1° (latitude/longitude)
of spatial resolution. The temporal resolution of both types of maps is 15 s. In this paper, the scattered vTEC
map was used for experimental flexibility.

The GIM and the CTM were used to provide the a priori information in equation (3) for the long baseline GNSS
kinematic processing and their performances were compared in terms of the positioning solution. It should
be noted that the overall range of TEC values in both maps are in good agreement, except that the GIM is
much smoother than the CTM.

In this study, the in-house GNSS positioning software developed under the CALIBRA project was used. This soft-
ware is capable of adopting both grid type and scattered data point type of TEC maps for the stochastic constraints
shown in equation (3). In order to minimize additional errors, precise orbit (IGS final product) was applied. The kine-
matic positioning process was conducted by doing least squares adjustment of epoch by epoch solution.

In addition, an investigation on the GIM precision has been carried out by applying different empirical biases
for the TEC root-mean-square (RMS) provided in the GIM IONEX files. The aim of this investigation was to
assess the impact of applying these biases when using the global TEC map under different ionospheric con-
ditions. Finally, in order to assess the impact of different interpolation techniques when using a scattered TEC
map, such as the CTM, a comparison of interpolation methods was carried out. Section 3 describes the experi-
ments corresponding to the three above mentioned topics, which were performed under different scintilla-
tion conditions for long baseline kinematic processing and evaluated based on the positioning results.

3. Experiments
3.1. Performance of GIM and CTM on RTK

In this section, some case events for long baseline kinematic GNSS using the GIM and the CTM under quiet
and disturbed ionospheric conditions are presented in terms of comparison between GIM and CTM perfor-
mance. The ionospheric conditions are selected in accordance with the prevailing scintillation level identified
with the PolaRxS receivers. As briefly mentioned in the introduction, there is a close relationship between

PARK ET AL.

TEC MAPS FOR GNSS AT LOW LATITUDES 5



@AG U Radio Science 10.1002/2015RS005933

=
£ =
£, i I £ [
2 =1 =0 }
21 1237‘ B
0 5 10 15 20 25 5 3 T 7S = e
E! 1 ‘
o A Eoprn— o —
1 54
0 5 10 15 20 25 0 5 10 15 20 25
e ! o 1
;| E
=0 E o
3 : T 3] ! f A
o 5 10 15 20 25 [ 5 10 15 20 25
1 1
=% AR:81.8%;3DRMS:0.130m %51 AR:84.2%; 3DRMS:0.101m
[ gn’- *%- »* e e Oot*va ;cw—w' > » i

10 15 20 25 10 15 20 25
thr] i

Figure 2. Kinematic positioning result of BL1 using the (left) GIM and using the (right) CTM on DOY141 2013 (time is in UT)
—quiet day scintillation case; positioning error in north, east, and up components on the top three plots (dN, dE, and dU)
and the ambiguity resolution index on the bottom plot (0—float, 1—fixed).

scintillation occurrence and TEC fluctuations and hence possibly presents more difficulties for RTK position-
ing where the incorrectly estimated DD ionospheric delay propagates to the positioning result. Therefore,
throughout the experiments we used scintillation levels as a proxy for the state of the ionosphere and thus
as an indicator of the TEC activity that may degrade RTK positioning performance. It should be noted that the
scintillation level was determined based on the widely used amplitude scintillation index, S4 [Van
Dierendonck et al, 1993], which is monitored by the scintillation monitoring receivers in the CIGALA-
CALIBRA network stations. In our study, the scintillation level is categorized into quiet, moderate, and strong
where 54 <0.3,0.3<54 < 0.7, and S4>0.7, respectively.

3.1.1. Quiet Scintillation Case

To evaluate GIM and CTM performance under quiet ionospheric conditions, positioning results over the
SPCA-SJC1 baseline (BL1) (see Figure 1) were compared for DOY141 2013 (21 May 2013). The S4 index
measured by the receiver in SJCU was below the moderate scintillation threshold (0.3) during most of the
day. The kinematic positioning results using the GIM and the CTM are shown in the left and right panels,
respectively of Figure 2. In each panel, dN, dE, and dU represents the positioning error in the north (dN,
red), east (dE, green), and up (dU, blue). In addition, the ambiguity resolution (AR, bottom plots in blue)
indices are shown (0—float, 1—fixed).

This experiment shows that during low scintillation conditions, both GIM and the CTM provide reliable iono-
spheric information leading to satisfactory and comparable positioning results. AR success rates are 81.8%
with GIM and 84.2%, with CTM. The corresponding 3-D positioning RMSs are 0.130 m and 0.101 m and include
both float and fixed solutions. The positioning performance using either of the maps is quite satisfactory if
one considers the 15 s sampling rate and a 121.5 km baseline.

3.1.2. Strong Scintillation Case

Strong scintillation levels indicate the presence of steep spatial and temporal TEC gradients in the region.
Such conditions are more challenging for the estimation of the a priori ionospheric information. In this
section, some experiments under strong scintillation conditions are analyzed and the results of the kinematic
positioning using GIM and CTM are compared. Figure 3 shows the time variations of the amplitude scintilla-
tion index S4 as measured at PRU1 (blue diamonds) and SJCU (green diamonds) on DOY269 2013. PRU1 and
SJCU are located in the west and east regions of Sdo Paulo state, respectively. From Figure 3, it can be
observed that both receivers experienced moderate to strong levels of scintillation (54 > 0.3) during night
time and, in particular, during the local postsunset hours. For this day, kinematic positioning was conducted
on BL2 and BL3 by making use of the GIM and the CTM. To detail the scintillation level, PRU1 receiver has
been used to characterize BL2 and SJCU has been used to characterize BL3. Such selection has been made
according to the proximity of the scintillation receivers in PRU1 and SJCU to the corresponding selected base-
lines. Similar to Figure 2, Figures 4 and 5 show the GNSS kinematic positioning results for BL2 (SPAR-SJRP,
baseline length 120.7 km) and BL3 (CHPI-SJCU, baseline length 115.3 km) on DOY269 in 2013, respectively.
Figures 4 (left) and 5 (left) refer to the use of GIM, while Figures 4 (right) and 5 (right) to CTM. For both base-
lines the AR success rates are considerably larger when using CTM (BL2: 36.6% — BL3: 67.1%) than GIM (BL2:
4.0% — BL3:20.9%). Also, the 3-D positioning RMS is considerably lower when using CTM (BL2: 1.294 m — BL3:
0.403 m) than GIM (BL2: 2.279 m — BL3: 1.546 m). These results clearly indicate that the use of CTM improves
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Figure 3. S4 recorded at PRU1 and SJCU on DOY269 2013 (time is in UT).

the AR meaningfully and reduces the 3-D positioning error with respect to the use of GIM. The AR success
rate, when using either GIM or CTM, is still low under strong scintillation conditions, which can be attributed
to the poor quality of the measurements. However, it can be seen from Figures 4 and 5 that even during these
hours the use of the CTM led to more accurate float solutions.

To summarize the results of the experiments presented in the previous two sections and of other experi-
ments not discussed here, Table 1 presents an overview of the comparison between GIM and CTM perfor-
mance in providing the ionospheric a priori information. As mentioned before, this table also presents
some experimental results referring to case events not explicitly discussed in this paper but have been pre-
sented here to give a more detailed picture of the GIM and CTM comparison tests. The other analyzed events
presented in Table 1 clearly support the discussion stated for the case event here. To give a quantitative
picture of the comparison between CTM and GIM, the last two columns of Table 1 report the percentage
and the absolute (in meters) improvement in positioning accuracy of CTM against GIM.

The most intriguing feature is that the best performance of CTM with respect to GIM is obtained under
moderate to strong scintillation level, both in terms of improved ambiguity resolution and of smaller 3-D
error. However, it is noticeable that in two cases, the use of CTM leads to a negative improvement of the
positioning performance. A possible explanation could be that even if the ambiguity integer is fixed, the
obtained value is incorrect. However, the “worsening” (negative improvement) in the absolute 3-D position-
ing errors in these two cases is around 10 cm, which can be considered small compared to the improvement
achieved under the strong scintillation cases, which range from 44 cm to 128 cm.

3.2. Impact of the Stochastic Property of the GIM on GNSS Positioning

The results in the previous section showed that the CTM worked significantly better than the GIM in most
cases, especially under strong scintillation conditions. The possible reasons would be (1) the CTM represents
the regional TEC with a better accuracy, (2) the spatial and temporal resolutions of the GIM are too low to
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= E oplagne : — s &
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5 70 75 20 25 5 76 5 20 25

[hr] [hr]

Figure 4. Kinematic positioning result of BL2 using the (left) GIM and using the (right) CTM on DOY269 2013 (time is in UT)
—strong scintillation case; positioning error in north, east, and up components on the top three plots (dN, dE, and dU) and
the ambiguity resolution index on the bottom plot (0—float, 1—fixed).
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Figure 5. Kinematic positioning result of BL3 using the (left) GIM and using the (right) CTM on DOY269 2013 (time is in UT)
—strong scintillation case; positioning error in north, east, and up components on the top three plots (dN, dE, and dU) and
the ambiguity resolution index on the bottom plot (0—float, 1—fixed).

detect the local ionospheric disturbances, and (3) the hardware of the receivers forming the CIGALA/CALIBRA
network, in particular their internal OCXO clock, is more accurate in the determination of the signal phase
[Bougard et al., 2011]. Since the GIM is provided every 2 h, it possibly smoothens out the high ROT effects,
associated with strong scintillation occurrence. However, the GIM may represent an adequate option in
regions where regional TEC maps are unavailable. This section introduces a method that was tested in the
Sao Paulo state region, whereby the best possible solution for long baseline kinematic solutions can be
achieved by using the GIM and which is possibly ready to be adopted in other areas.

The GIM contains VTEC values with a corresponding RMS in TEC units (TECU) in a regular grid provided in
IONEX format. In order to apply the grid data provided in IONEX format to an arbitrary IPP, bivariate interpo-
lation using the nearest 4 points of VTEC values can be used [Schaer et al., 1998].

In equation (3), the mathematical model for long baseline RTK using the external ionospheric information was
introduced so that the vTEC and vTEC RMS information from the GIM can be used in z and o3Qo, respectively.
As mentioned earlier, the accuracy of vTEC is very important because it directly affects the stochastic model
of the RTK positioning solution. It is also known that the vTEC and vTEC RMS in the GIM are computed based
on four different vVTEC maps generated independently at four centers (CODE, ESA, JPL, and UPC). However, it
is not completely clear how the RMS values are derived and whether we should use these values indiscrimi-
nately because the vTEC RMS in the IONEX files is mostly near 1 TECU. In addition, the VTEC should be inter-
polated for a specific IPP location to be applied in the RTK solution, and this interpolation error must be
determined and accounted for in the processing. Moreover, since neither the “true” vTEC RMS on each grid
nor the interpolation error is predictable, an extensive trial-and-error investigation was carried out in order to
estimate the optimal RMS values to be applied to the vTEC provided by the GIM.

Since the suggested interpolation for the GIM is the bivariate interpolation using only four grid points, the
interpolation error in the distances would be the same. Therefore, we increase the RMS of the GIM by simply
adding the different constant RMS values to the interpolated vTEC RMS from equation (3) in order to evaluate

Table 1. Summary of the Results Including More Cases

Improvement of

GIM CT™M 3-D RMS
DOY, Scintillation
Year Baseline Category AR (%) 3-D RMS (m) AR (%) 3-D RMS (m) (m) (%)
141, 2013 BL1 Quiet 81.8 0.130 84.2 0.101 0.029 22.3%
141, 2013 BL2 Moderate 62.3 0.164 72.6 0.263 —0.099 —60.4%
269, 2013 BL2 Strong 4.0 2.579 36.6 1.294 1.285 49.8%
269, 2013 BL3 Strong 20.9 1.546 60.6 0.403 1.143 73.9%
21,2014 BL3 Strong 17.3 1.193 58.6 0.749 0.444 37.2%
45,2014 BL2 Strong 14.0 1.026 174 1.141 —0.115 —11.2%
AVG 1.106 0.659 40.4%

PARK ET AL.

TEC MAPS FOR GNSS AT LOW LATITUDES 8



@AG U Radio Science 10.1002/2015R5005933

ix
o
o
H

[hr] [hr]

[hr] [hr]

AR[%]
/
b of
/ \
N\
\
L
\h
N
3D RMS[m]

40 > R

0 i = 20 5

] [TECU]

Figure 6. Kinematic positioning results by using the GIM with the additional vTEC RMS of (a) 0 TECU, (b) 0.5 TECU, (c) 1 TECU
(top right), (d) 1.5 TECU, (e) 2 TECU for BL3, DOY269 in 2013, and (f) summary of positioning results using different vTEC RMS
for GIM. In Figure 6f, the blue circles denote the AR success rate, while the green squares denote the 3-D RMS in meters.

the impact of additional uncertainty to the VvTEC information and observed the corresponding kinematic
positioning performance.

Figure 5 was introduced above to compare the kinematic results for BL3 on DOY269 in 2013 (strong scintilla-
tion day as shown in Figure 3) using the GIM and the CTM. The AR success rate was 20.9%, with 1.546 m for
the 3-D positioning RMS when using the GIM. In this new experiment the RTK processing was carried out by
increasing the constant vTEC RMS by additional values varying from 0 to 2 TECU in steps of 0.5TECU. The
positioning results are shown Figures 6a—6e. The 3-D positioning RMS and the AR success rate for each
VvTEC RMS value are depicted in Figure 6f and listed in Table 2.

Obviously, by introducing the differ-
Table 2. Kinematic Positioning Result of BL3 Using Different RMS for GIM;  ent VTEC RMS values, significant

DOY269 in 2013 changes are observed in terms of
Additional RMS AR Success Rate (%)  3-D Positioning Error (RMS) (m) the positioning error (top three plots

0TECU (default) 209 1.546 in each panel) and the AR success
0.5TECU 45.1 1.139 rate (bottom plot in each panel). By
1TECU 61.7 0.903 comparing the effect of the different
1.5TECU 47.8 1.253

VvTEC RMS values, 1 TECU seems to

2TECU 27.1 1511 . - .
be the optimal a priori uncertainty
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Table 3. Kinematic Positioning Result of BL2 Using Different RMS for GIM;  to be introduced in the GIM, as it
DOY45 in 2014

Additional RMS AR Success Rate (%) 3-D Positioning Error (RMS) (m)

greatly improves the AR success rate
and the positioning error. Another

0TECU (default) 14.0 1.026 case study for a strong scintillation
0.5 TECU 13.6 1.117 day, DOY45 in 2014, on BL2 was con-
1TECU 19.9 1.090 ducted and the positioning results
I mae 13.7 1196 are shown in Table 3.

2 TECU 6.0 1.593

In this case study, much lower
changes were observed as compared
to DOY269. However, it still indicates 1 TECU as the most effective vTEC RMS within this case study.

In addition, a case study on a moderate scintillation day was performed using BL2 on DOY141 2013, when S4
varied from 0.3 to 0.7. Again, the default vTEC RMS is computed by the bivariate interpolation from the RMS
provided in IONEX. The experimental result for the RMS tests is shown in Table 4.

The kinematic positioning results using the default setting (0 TECU added) is relatively good when compared
to the strong scintillation days in terms of AR success rate (62.3%) and 3-D positioning RMS (0.164 m), which
must be due to the lesser impact of scintillation. Unlike the strong scintillation cases, the additional vTEC RMS
did not greatly impact the positioning result. By adding 0.5 TECU, the AR success rate was slightly increased
and the 3-D positioning RMS was comparable to the default setting (less than 1 cm difference).

From the case studies presented in this section, the optimal precision to be added to the GIM has been
observed for each scenario. In order to compare these case studies, AR success rates and the 3-D positioning
RMS are normalized and presented in Figure 7. The normalization was performed by dividing the values in
each column of Tables 2, 3, and 4 (AR success rate and 3-D RMS, respectively) by the square root of the
sum of the squared data values in the corresponding column.

It can be observed from Figure 7 that for the two strong scintillation days, highest AR success rate and lowest
positioning error were observed when an uncertainty of 1 TECU was introduced in the stochastic model.
Unlike the strong scintillation cases, for the moderate scintillation day, using 0.5 TECU in the stochastic model
was enough to achieve the highest AR success rate and the positioning error was low for either 0 or 0.5 TECU.
This result is reasonable in that the strong scintillation scenarios lead to bigger discrepancies when using the
GIM. The overall conclusion from the analyses is that for a strong scintillation scenario, it is more important to
allow a larger uncertainty to the GIM model than for a quiet/moderate scenario. From the limited experi-
ments performed in this section it seems that an a priori VTEC RMS of 1 TECU could be used for the GIM to
achieve a better performance during strong scintillation periods.

3.3. Interpolation Methods

VTEC from GNSS signals is essentially derived from sTEC values estimated along the signal ray paths between
GNSS satellites and receivers on the ground. Therefore, the observations used as input to any GNSS based
TEC map will be a scattered data set. For GNSS positioning (including RTK, NRTK, and PPP), the vTEC should
be determined at a target location via a chosen interpolation method, and this procedure introduces an
interpolation error. Since the objective of TEC maps is to provide users with accurate values, minimizing
the interpolation error by using an appropriate method is crucial. In this study, we compared two interpola-
tion methods, namely, the Inverse Distance Weight and the Natural Neighbor, using the CTM under different
scintillation scenarios, and assessed the capability of each interpolation method in terms of the positioning
performance over a long baseline kinematic positioning.
3.3.1. Inverse Distance
Table 4. Kinematic Positioning Result of BL2 Using Different RMS for GIM; ~ Weight interpolation

DOY141 in 2013 Inverse Distance Weight (IDW) is one
Additional RMS AR Success Rate (%) 3-D Positioning Error (RMS) (m) of the most commonly used techni-

0 TECU (default) 62.3 0.164 ques for scattered data points. The
0.5TECU 65.6 0.173 underlying assumption is that the
1TECU 62.7 0.391 interpolated value at a target location
1.5 TECU 45.1 0457

will be influenced mostly by the

2TE 49. .31 .
v 29 0310 nearby points and less by the more
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Figure 7. (left) Normalized AR success rates for different cases and (right) the corresponding normalized 3-D positioning
RMS (right).

distant points. One of the simplest forms of the IDW is Shepard’s method [Lukaszyk, 2004]. The typical IDW
equation is represented in equation (4).

F(x,y) = L wif; )

where n is the number of scatter points in the data set, f; are the scatter data sets, and w; are the weight fgznc-
tions assigned to each scatter point. The weight function for Shepard’s method is defined as w; =
with h; = \/(x —x))2 4 (y — y,)* for the 2-D coordinates (x, y) [Shepard, 1967].

3.3.2. Natural Neighbor Interpolation

The basic concept of the Natural Neighbor (NN) interpolation is identical to the IDW shown in equation (4),
where the weight functions w; are defined based upon Thiessen polygon network for the scatter data set.
The weights used in NN interpolation are calculated based on the concept of local coordinates. In order to
define the local coordinates for the interpolation point, P,, the area of all Thiessen polygons in the network
should be known. Figure 8 taken from http://www.xmswiki.com/xms/GMS:Natural_Neighbour shows an
shows an example for the change in the Thiessen polygons when the interpolation point P, is inserted.
The dashed lines show the edges of the Thiessen network before P, is inserted, and the solid lines show
the edges of the Thiessen network after P, is inserted.

i
n -2
Sah;

The NN only uses the data values that are affected by inserting P,, in the network, so that the points 1, 4, 5, 6,
and 9 are used for the interpolation in the above example figure. The weights, w;, of those points are calcu-
lated by finding how much of each of the surrounding areas is influenced when inserting the target point into
the Thiessen network,

where k is the Thiessen polygon area of P, and k; is the difference in the Thiessen polygon area of a neighbor-
ing scatter point, P,,, before and after P, is inserted.

Although both methods basically originate from the same concept, which is the distance based weighting,
the interpolated values using these two methods are sometimes significantly different. Figure 9 provides
the interpolated vTEC of a ray path from one satellite, GPS PRN10, to one station, SJCU, (top) and the DD
VTEC between two stations in BL3 on DOY293 in 2013 (bottom) for both interpolation algorithms. It can be
observed from this figure that there is a significant difference between the two methods, and this will directly
relate to the positioning result.

Figure 10 compares the kinematic positioning results using the two interpolation methods on DOY269 in
2013. The AR success rate and the positioning RMS using the IDW method are 63.3% and 0.752 m, while
the results by applying the Natural Neighbor method are 60.6% and 0.515 m, respectively. It should be noted
that the AR success rate using the Natural Neighbor method is lesser but the overall positioning RMS is better,
which means some incorrectly fixed solutions from the IDW turned into float solutions with a lower position-
ing error. This can be seen from the plots of Figure 10, e.g., the big jump near 3-4 UT in dU in Figure 10 (left)
has mostly disappeared in Figure 10 (right). This case also shows that the Natural Neighbor interpolation
method would determine the TEC with a smaller interpolation error.
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Figure 8. Overlapping Thiessen polygon areas used in computation of local
coordinates (http://www.xmswiki.com/xms/GMS:Natural_Neighbor; accessed

3 December 2014).

Another strong scintillation case (BL2
on DOY45 in 2014) was also tested,
and the kinematic positioning results
are shown in Figure 11 for the IDW
(left) and Natural Neighbor (right)
interpolation methods.

The AR success rate and RMS using
the IDW method are 10.2% and
1.322m, while the results by applying
the Natural Neighbor are 17.4% and
1.141m, respectively. It should be
noted that the positioning perfor-
mance of this case study was much
poorer than the previous case shown
in Figure 10. This must be due to the
correlation between the scintillation
level and TEC spatial gradients which
directly influences the kinematic posi-
tioning result. Although neither of
the results in Figure 11 is satisfactory,
the Natural Neighbor interpolation

method still improves positioning performance. From the case studies presented in this section, it seems that
while using the CTM in long baseline kinematic positioning, the Natural Neighbor interpolation method gives
better results compared to the IDW under the different scintillation scenarios.
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Figure 9. Interpolated TEC value of single satellite (PRN10) observed by (top) SJCU station and (bottom) DD TEC values of
BL3 on DOY269 2013 in time series; green indicates IDW and blue indicates Natural Neighbor, time is in UT.
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Figure 10. Interpolation comparison for a strong scintillation day (BL3, DOY269 in 2013, time is in UT); (left) IDW versus
(right) Natural Neighbor.

4, Conclusion and Future Work

The effects of the ionosphere are crucial for high-accuracy GNSS positioning, in general, and become more
significant in long baseline RTK positioning at low latitude regions, where scintillation and TEC fluctuations
are frequently observed. In this study, we focused on the performance of different ionospheric maps in sup-
port of long baseline kinematic positioning in the Brazilian territory, which sits on an area of the Earth prone
to ionospheric disturbances. In order to aid the ionospheric estimation in kinematic positioning, accurately
modeled TEC information is essential. Within the CALIBRA project, the CTM was developed, which covers
the region around Séo Paulo state, in Brazil. This paper assessed the performance of the CTM in comparison
to the GIM with respect to their ability to improve positioning results.

From the presented case studies, it is clear that the CTM performs significantly better than the GIM under
strong scintillation, as shown in Table 1. On average, our study showed that the CTM provides an improve-
ment of 40.4% over the GIM in terms of positioning accuracy for the kinematic positioning performance.
Furthermore, the uncertainty of the TEC values extracted from the external TEC map to be applied to the kine-
matic processing was investigated for the GIM. The experiments over the low latitudes show that at least
1TECU must be added to the default TEC RMS in the GIM during periods of strong scintillation and
0.5 TECU under moderate scintillation periods. Finally, different interpolation methods for the CTM were also
investigated in order to minimize the interpolation error for the scatter data set. From the experiments, the
Natural Neighbor interpolation method performed better than the IDW interpolation.

In conclusion this study reveals that a highly accurate (regional) TEC map can improve kinematic positioning
performance and that using an appropriate precision for the TEC map is also an important factor. Moreover,
the interpolation method associated with the use of the map should be carefully chosen, as the interpolation
error propagates and significantly affects the positioning performance. It should be noted that the suggested
methods throughout this paper could be applied to not only the long baseline RTK but also NRTK and PPP.
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Figure 11. Interpolation comparison for strong scintillation day (BL2, DOY45 in 2014, time is in UT); (left) IDW versus (right)
Natural Neighbor.
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