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Abstract

The paper presents the structure, performance and preliminary results of new ionosphere monitoring service over the ASG-EUPOS
network of GNSS reference stations in Poland. This dense permanent network consisting of ~110 stations is a part of the European
Position Determination System (EUPOS) project involving 18 countries of Central and Eastern Europe. The service was developed at the
University of Warmia and Mazury in Olsztyn and as one of few uses the undifferenced carrier phase measurements from dual-frequency
receivers for modeling of the ionosphere. It provides ionosphere maps (TEC) with spatial resolution of 0.25x0.25 degrees and with
temporal resolution of 5 minutes. In addition, the service provides daily and monthly differential code bias (DCB) values for each of the
GNSS receivers of the ASG-EUPOS system. The DCBs are estimated based on phase-smoothed pseudoranges.
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Nomenclature

L4¥ geometry-free linear combination

L1¥ LI carrier phase observable

L2F 12 carrier phase observable

Alf ionospheric delay

Bk ambiguity parameter

Greek symbols

&, conversion parameter for ionospheric delay

1. Introduction

The ionosphere region plays an active and important role in the complex space weather relationships, in ground-based and
satellite radio communication and navigation, and therefore affects important geodetic systems (e.g., Global Navigation
Satellite Systems — GNSS). So permanent monitoring of the ionospheric state is required. It should be noted that though
accuracy and reliability of GNSS suffer from the ionospheric impact on navigation signals, these systems offer the chance
for a permanent monitoring of the Total Electron Content (TEC) up to about 20000 km height [22]. The possibilities to
study the ionosphere have been greatly extended when satellite navigation systems were built. These systems have become
some kind of ionosphere scanners and are excellent supplements of classical sounding methods that allow for modeling the
ionosphere and its disturbances with unprecedented temporal and spatial coverage. Earlier, the ionosondes were the
principal source of the ionosphere sounding, but their number and information delivery only related to the conditions in the
lower part of ionosphere over limited areas limited their suitability for generating accurate regional or global ionosphere
models [11]. Nowadays, determination of ionospheric TEC in regional and global scales relies on GNSS data from ground
permanent networks (IGS, EPN, CORS, etc.). Possibilities and quality of the research on spatial and temporal changes in the
ionosphere are growing with rising both the number of permanent GNSS stations and the number of GNSS systems (and
therefore the number of available satellites).

The ionosphere is characterized by very dynamic changes not only during magnetic storms or adverse solar activity
events (solar flares, coronal mass ejections) [2]. Thereby in climatological research on the ionosphere, the accuracy and
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resolution offered by the current global and regional models is often not satisfactory. It should be noted that the accurate
knowledge of the state of the ionosphere plays a key role in determining a position using GNSS data. It is well known that
the reliable modeling of the ionospheric and tropospheric propagation errors is one of the most challenging aspects of
precise GNSS positioning and GNSS-based geodetic and geodynamic studies [5], [10], [20]. This is due to the decisive
influence of the ionospheric delays on the possibility of determining the carrier phase ambiguities. Also, precise GNSS
positioning requires accurate ionosphere models to support carrier phase ambiguity resolution. Therefore, the development
of high accuracy models with higher spatial and temporal resolution is required [4], [18].

Currently there are various global, regional and local ionosphere models used in GNSS data processing and ionospheric
research. The most of the ionosphere models are based on carrier phase-smoothed pseudorange data, which presents low
accuracy and requires strong smoothing of the results. The ionospheric delay obtained from smoothed pseudoranges have
accuracy of about a few TECU. This is one of the reasons why most of the research centers use spherical harmonics
expansion for TEC parameterization in their global and regional solutions [12—13]. As a result, the obtained ionosphere
maps are characterized by low spatial resolution of few degrees and temporal resolution of 5 do 120 minutes. Two of the
most popular of the ionosphere models are that provided by the International GNSS Service (IGS) and the Center for Orbit
Determination in Europe (CODE). The IGS global ionospheric maps (GIMs) are a combination of several independent
solutions provided by the IGS Analysis Centers [6]. This global model uses ~200 permanently tracking GNSS stations and
CODE GIMs are computed using data from about 150 GNSS sites of the IGS. Broadly used IGS model has spatial
resolution of 5.0%2.5 degrees and temporal resolution of 2 hours. Also, its estimated accuracy is about 4 TEC [6-7]. The
CODE GIMs offering similar temporal and spatial resolutions to the IGS product [12]. Therefore, there is still a room for
improvement in the ionosphere modelling, and the presented ionosphere monitoring service is a such attempt.

2. Methodology

The new ionosphere monitoring service over the ASG-EUPOS network of GNSS reference stations was developed at the
University of Warmia and Mazury in Olsztyn. For the ionospheric modeling, dual-frequency GPS data from Polish national
ground based augmentation system (GBAS) — ASG-EUPOS — were used. This Polish GPS network operating since 2008,
gave new possibilities for accurate regional modeling of Earth’s upper atmosphere [1]. This dense permanent network
consisting of ~110 stations with mean distance between stations of 70 km is a part of the European Position Determination
System (EUPOS) project involving 18 countries of Central and Eastern Europe.

The presented regional ionospheric model is computed using only precise, absolute (undifferenced) carrier phase GNSS
measurements, a few order of magnitude more precise comparing to pseudorange measurements. This is an important
novelty, because the previously developed regional and global ionospheric models are mostly based on carrier phase-
smoothed pseudoranges and offer limited accuracy at the level of 34 TECU [7].

Our system computes the ionospheric delay using a geometry-free linear combination (L4) of dual-frequency carrier-
phase observations:
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It should be noted, that L4 combination eliminates the geometry-related errors — clock errors of the receivers and GNSS
satellites and the tropospheric delay [21]. Unfortunately, this combination includes, except information about the
ionospheric delays, also carrier phase ambiguities and carrier phase hardware delays. In our study we made an attempt to
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model these parameters. For this purpose, new TEC parameterization algorithms based on L4 data and two-dimensional
functions (local polynomials), was implemented. Parameter estimation was based on Least Squares Adjustment (LSA). In
the first step of the data processing the ambiguity parameter for each observation arc is estimated together with parameters
of the local polynomials. Once the ambiguity parameters are know it is possible to calculate precise TEC values at the
ionospheric pierce points (/PP) using L4 observations. In order to represent the ionospheric vertical TEC (vTEC) at IPP
locations, a single layer model (SLM) mapping function was used [12], [14].

Figure 1 illustrates locations of all ASG-EUPOS and neighboring EPN stations and figure 2 shows examples of IPP
locations for their measurements collected at 06.10 UT on September 20" 2013. As one can see, the IPP locations have a
clustered distribution and are representative for other epochs over 24-hour period.

Fig. 1. Locations of ASG-EUPOS stations (red) and neighboring EPN Fig. 2. Examples of IPPs locations at 06.10 UT on September 20th, 2013
stations (blue) (red — IPPs for ASG-EUPOS stations, yellow — IPPs for EPN)

Earlier research on the ionosphere modeling from GNSS data pointed out that interpolation methods may give better
results, as compared to the functional representation of TEC using, e.g., spherical harmonics expansion [3], [9], [15-17].
Therefore the new ionosphere monitoring system uses interpolation methods based on two-dimensional local polynomials.
It should be also noted that vertical TEC values estimated by using precise carrier phase observations have better accuracy
than offered by standard methods based on smoothed pseudoranges. Hence, there was no need to use the functions with
strong smoothing properties.

3. Service data flow

The data flow in the service is presented in Figure 3. First, the ASG-EUPOS and EPN RINEX data files from ~ 150 station
are automatically downloaded through ftp protocol. Then the data import module reads data files and imports dual-
frequency pseudorange and carrier phase observations which are later stored in internal binary format. Next, two parallel
streems are activated, one for carrier phase observations and one for pseudorange ones. In case of the pseudorange
observations respective preprocessing module checks quality of the data, next satellite elevations and azimuths with respect
to all the processed stations are calculated. Also, pseudorange data is smoothed using carrier phase observations and
geometry-free linear combination of the smoothed pseudoranges (P4) is created. Next, the P4 data is fed into DCB
calibration module that estimates station and satellite daily DCBs. The estimated DCBs are published on the service web
page.

In the meantime, carrier phase preprocessing module is executed. It detects outliers in carrier phase data and detects cycle
slips resulting in clean arcs of continuous carrier phase data for every satellite. Then, geometry-free linear combination of
the carrier phase data (L4) is created. The L4 data together with the calculated earlier satellite elevations and azimuths is fed
into TEC mapping module. Finally, TEC maps and animations are derived and published on the service web page.

4. Products of new ionosphere monitoring service

Ionosphere and space weather monitoring and the derivation of relevant information concerning the structure of the
ionosphere and its dynamics may be helpful for users in navigation, positioning and surveying tasks. The new ionosphere
monitoring service provides ionosphere maps (TEC) and mean TEC over Poland. In addition, the service provides daily and
monthly differential code bias (DCB) calibrations for every GNSS receiver of the ASG-EUPOS system.

The main product of the service is new precise local ionospheric model over ASG-EUPOS network stations based on
undifferenced dual-frequency carrier-phase GNSS data. This developed model has spatial resolution of 0.25x0.25 degrees
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and temporal resolution of 5 minutes. Figure 4 presents examples of TEC maps at the selected epochs for a quiet ionosphere
day (November 25" 2013) In addition, Figure 5 shows TEC maps for an active ionosphere day (November 9", 2013). The
maps show clear effect of the ionospheric disturbances.

ASG-EUPOS AND EPN
RINEX DATA FILES

DATA IMPORT

CARRIER PHASE PREPROCESSING PSEUDORANGE PREPROCESSING
(L1/L2 DATA) (P1/P2 DATA)

GEOMETRY-FREE LINEAR ELEVATIONS AND GEOMETRY-FREE LINEAR
COMBINATION (L4) AZIMUTHS COMBINATION
OF THE SMOOTHED
PSEUDORANGES (P4)

DCB CALIBRATION:
- RECEIVERS
- GNSS SATELLITES

ETTRNAL SPACE IONOSPHERE MONITORING SERVICE OVER
- THE ASG-EUPOS NETWORK
WEATHER DATA . .
http://ginpos.uwm.edu.pl/iono/index_en.ph;

Fig. 3. Data flow in the ionosphere monitoring service over the ASG-EUPOS network

Based on the ionosphere model mean TEC values over Poland are computed every hour. This is a very important product
of this service, providing the user general information about the state of the ionosphere over Poland. The user can analyze

the state of the ionosphere during extended time period. Figure 5 shows examples of the mean TEC values for the example
two subsequent days.
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Fig. 4. Examples of TEC maps at the selected epochs for a quiet ionosphere day (November 25", 2013)
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Fig. 5. Examples of TEC maps at the selected epochs for an active ionosphere day (November 9", 2013)
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Fig. 6. Examples of mean TEC over Poland for an active (left panel) and a quiet (right panel) ionosphere days

The another important products of the new ionosphere monitoring service are the differential code biases (DCBs). It is
well known that DCBs are one of the important error sources in estimating TEC from GNSS pseudorange data. DCBs for
GNSS satellites and EPN ground receivers are provided by CODE Analysis Center. However, DCBs for regional and local
network receivers are not provided. Therefore, our research group estimates GNSS satellite and receiver DCBs for Polish
network. In this study, the ionospheric delay was computed using a geometry-free (P4) linear combination of carrier-phase
smoothed pseudorange data [17]. The differential code biases were estimated for each station and satellite using the dual-
frequency GPS measurements collected during a 24-hour period.

In case of EPN station used in our model, the obtained DCBs were tested and compared to the CODE reference DCBs in
order to verify their accuracy. GNSS satellite DCBs and receiver DCBs for ASG-EUPOS network and selected EPN
stations were calculated for all days of March 2012. The test results show a good agreement with monthly CODE DCBs. In
case of receiver DCBs, mean differences between the estimated DCBs and DCBs provided by CODE (mDCB ss6.copg) do
not exceed 0,60 ns with average standard deviation of the differences (STD) not exceeding 0,20 ns. While mean difference
of satellites DCBs is equal 0,11 s with average standard deviation lower than 0,10 ns and (Table 1).

Table 1. Statistics of the comparison of the obtained DCBs with DCBs provided by CODE

DCBs

for EPN ground receivers [ns] for GNSS satellites [ns]
mDCBysc-cone 0,54 0,11
STD 0,17 0,09

It is well known that the total electron content displays primarily day-to-night variations, but also depends on the
geomagnetic latitude, time of year, and the sunspot number [19]. Therefore, presented service provides not only the
developed ionospheric products but also the information of current space weather.
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Fig. 7. The layout of the service web page
(http://ginpos.uwm.edu.pl/iono/index_en.php)

It has been shown by Davies [21] that TEC is very sensitive to variations in the solar radiation. There is a close
relationship between solar space weather information and the corresponding ionospheric response. The informations of
current space weather are delivered in the form of products offered by other space weather services. Comparison of sunspot
number, solar radio flux index, geomagnetic index Kp with mean TEC could be of interest for GNSS users. It should be
noted that ionospheric changes of the total ionization are slightly delayed against the variation of the 10.7 cm solar radio
flux [8]. Our service used space weather parameters provided by the NOAA Space Environment Center. The layout of the
service web page is given in Figure 7.
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5. Conclusions

The paper presents our preliminary results of the new ionosphere monitoring service over the ASG-EUPOS network. It
provides the users important information on the state of the ionosphere and also space weather. What is important, the new
service is also dedicated to the scientific community as full understanding and modeling of physical processes that occur on
the Earth's upper atmosphere and the development of methods taking into account their impact on the operation of the radio
systems (e.g., GNSS) is an extremely important issue, showing many open research problems. Thus the presented open
service may contribute to development of geodesy and satellite navigation, and also geodynamic and geophysical studies.
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