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Abstract Ionospheric models are applied for computing the Total Electron Con-8

tent (TEC) in ionosphere to reduce its effects on the Global Navigation Satellite9

System (GNSS)-based Standard Point Positioning (SPP) applications. However,10

the accuracy of these models is limited due to the simplified model structures and11

their dependency on the calibration period. In this study, we present a sequential12

Calibration approach based on the Ensemble Kalman Filter (C-EnKF) to improve13

TEC estimations. Its advantage, over the frequently implemented state-of-the-art,14

is that a short period of GNSS network measurements is needed to calibrate model15

parameters. To demonstrate the results, the International Reference Ionosphere16

(IRI)-2016 model is used as reference and the Vertical TEC (VTEC) estimates17

from 53 IGS stations in Europe are applied as observation. The C-EnKF is applied18

to calibrate four selected model parameters (i.e., IG12, URSI(771), URSI(1327)19

and URSI(1752) related to the ionospheric activity as well as height and density20

peak-modelling in the F2 layer), which are identified by performing a sensitivity21

analysis. The calibrated model, called ‘C-EnKF-IRI’, is localized within Europe22

and can be used for near-real time TEC estimations and forecasting of the next23

day (at least). Validation against the dual frequency GNSS measurements of three24
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IGS stations indicates that during September 2017, the accuracy of forecasting25

VTECs is improved up to 64.87% compared to IRI-2016. The electron density26

(Ne) profiles of C-EnKF-IRI are validated against those of COSMIC products,27

which indicates ∼38.1% improvement during days with low (Kp = 3) and high28

(Kp = 8) geomagnetic activity. Applying the forecasts of VTECs in SPP experi-29

ments shows similar performance as the 11-days delayed IONEX data, i.e., 51%,30

52% and 79%, improvements in estimating ionospheric contributions compared31

to the usage of the original IRI-2016, Klobuchar and NeQuick-G models, respec-32

tively. The TEC forecasts of C-EnKF-IRI are found to be of the same quality of33

the IONEX final TEC products in SPP applications.34

Keywords Sequential Calibration · Ensemble Kalman Filter (EnKF) · Interna-35

tional Reference Ionosphere (IRI) · GNSS · Standard Point Positioning (SPP) ·36

Total Electron Content (TEC) · Vertical TEC (VTEC)37

1 Introduction38

The rapid development of space-geodetic observation techniques has brought out a39

wide range of applications such as positioning and navigation. In fact, the Global40

Navigation Satellite System (GNSS, Mulassano et al., 2004) technique has be-41

come an integral part of applications, where mobility plays an important role.42

Standalone GNSS signals enable the calculation of unknown positions using in-43

formation transmitted by various constellations. However, given the high orbital44

altitude (around 20000-35000 km) and high speed of satellites, these position es-45

timates contain errors, e.g., (∼ 4m) using ordinary corrections (Verhagen et al.,46

2010). Such big uncertainties would not meet the requirements of emerging ap-47

plications such as drones, augmented reality and autonomous vehicles demanding48

for ‘high accuracy (< 1m) and precision’, as well as ‘real-time’ positioning in the49

mass-market.50

To improve the accuracy of GNSS positioning, several signal augmentation51

techniques such as the Real Time Kinematic (RTK, Boulic et al., 1990) and Dif-52

ferential GNSS (DGNSS, Groves, 2015), as well as the process-based technique53

of Precise Point Positioning (PPP, Zumberge et al., 1997) or the hybrid varia-54

tions (e.g., PPP-RTK, Wübbena et al., 2005) have been developed. These tech-55

nologies are able to deliver cm/dm level accuracy, but they need corrections to56

eliminate main errors of the code-derived pseudo-range and carrier phase mea-57

surements including clock biases, ionospheric and tropospheric effects, relativity,58

and receiver/satellite instrumental biases. In this study, we focus on the estimation59

of ionospheric effects, which needs to be applied on single frequency measurements60

of the Standard Point Positioning (SPP) applications.61

The signals of GNSS must transit the ionosphere (i.e., part of atmosphere62

around 60 km up to around 2000 km, containing ionized plasma of different gas63

components) on their way to receivers (Kelley , 2009; Kursinski et al., 1997). The64

interactions between these signals and the Total Electron Content (TEC) within65

the ionosphere (Kedar et al., 2003) lead to signal bending, adding delays on the66

code-derived pseudo-range and advancing the career phase measurements (Dubey67

et al., 2006). Ionospheric effects, due to TEC changes, vary between 3 m and68

15 m during the daytime and night time, e.g., for the GNSS L-band (1 GHz-269
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GHz) signals (Wu et al., 2013; Yuan and Ou, 2001b). During high solar activity70

(demonstrated by the magnetic activity index Kp > 6), the ionospheric effect71

might reach up to 40 m and 100 m in the vertical and the line-of-sight signal72

propagation direction, respectively (Wu et al., 2013; Yuan and Ou, 2001a).73

To achieve high accuracy in GNSS positioning and navigation applications,74

the effects of ionosphere is tried to be eliminated (Goncharenko et al., 2013). Ac-75

cording to the dispersed properties of the ionosphere, dual-frequency GNSS users76

can estimate the first-order ionosphere effect by linear combinations of the mea-77

surements. However, this method cannot be performed for the single frequency78

receivers (most of SPP applications, Øvstedal , 2002), where the ionosphere impact79

on signal propagation has to be mitigated by applying corrections from models.80

In the PPP applications, providing an accurate and fast estimation of TEC can81

improve the positioning accuracy, and decreases its convergence time (Sanz Subi-82

rana et al., 2013; Rose et al., 2014; Rovira-Garcia et al., 2015; Su et al., 2019a;83

Zhang et al., 2020).84

The ionospheric correction models, which can be used for simulating and fore-85

casting TECs and their equivalent effects, are categorized into three main types86

(Jakowski et al., 2011): (1) Broadcast Ionospheric Models (BIMs) such as the87

Klobuchar, NeQuick-Gal and BeiDou Global Ionospheric Model (BDGIM) (Yuan88

et al., 2019; ICD , 2017a,b, 2020); (2) Empirical Ionospheric Models (EIMs) such89

as the International Reference Ionosphere (IRI, Bilitza, 2001) and the Parameter-90

ized Ionospheric Model (PIM, Daniell et al., 1995); and (3) the data-driven models91

such as the Global Ionospheric Maps (GIMs) produced by the International GNSS92

Service (IGS), Ionospheric Analysis Associate Centers (IAACs, Andersen et al.,93

2010), and research institutes (e.g., Farzaneh and Forootan, 2018; Goss et al.,94

2020).95

The simulation and forecasting skills of existing models (e.g., categorized in 196

and 2) are limited due to the simplified model structures and model sensitivity97

to the calibration period (Jee et al., 2010). Though these models are very useful98

for providing TEC estimations in real-time applications, such as the Neustrelitz99

TEC Model (NTCM) proposed by (Hoque et al., 2020) to be used for Galileo.100

The accurate data-driven TEC models (in 3) are often unavailable in real-time.101

For example, the final Global Ionospheric Map (GIM), provided by the Center102

for Orbit Determination in Europe (CODE), are available with 11 days delay103

(Johnston et al., 2017) and their spatial and temporal resolutions are limited,104

i.e., the CODE-GIM is delivered every hour in terms of spherical harmonics of105

up to degree and order 15 or in girds of 2.5◦ × 5◦ in latitude and longitude, re-106

spectively (Schaer et al., 1996b; Schaer and helvétique des sciences naturelles.107

Commission géodésique, 1999). Therefore, most of the previous studies addressed108

improving the modelling of TECs either through empirical corrections (e.g., Bor-109

ries et al., 2007; Yuan et al., 2008a,b; Bouya et al., 2010; Mukhtarov et al., 2013;110

Li et al., 2015; Farzaneh and Forootan, 2020) or statistical data-model integra-111

tion, e.g., (Spalla and Cairolo, 1994; Katamzi et al., 2012; Wan et al., 2012; Li112

and Guo, 2010), as well as Kalman Filter (KF) based predictions (e.g., Bust et al.,113

2004; Schunk et al., 2004; Scherliess et al., 2004; Erdogan et al., 2020).114

The adopted methodology of this study is close to those who apply ensemble115

based integration techniques, where examples include He et al. (2020) who inte-116

grated GNSS-derived TEC measurements in Thermosphere-Ionosphere-Electrodynamics117

General Circulation Model (TIEGCM) and showed that the forecasting accuracy118
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of TEC estimates can be improved by at least 10% for 24 hr. An et al. (2020)119

followed a similar approach to reduce biases in the International Reference Iono-120

sphere (IRI) model (Bilitza, 2018). Mengist et al. (2019) applied the 4-D assim-121

ilation technique (Bust and Datta-Barua, 2014) to localize an ionosphere model,122

based on IRI-2016, over Korea and adjacent areas. They demonstrated that the123

new IDA4D model provides TEC estimates that contain 17% less bias compared124

to the original model.125

In this study, we introduce a sequential Calibration technique based on the126

Ensemble Kalman Filter (EnKF, Evensen, 2003; Schumacher , 2016), thus, the127

method is abbreviated as ‘C-EnKF’. As observation, TEC estimates of a regional128

GNSS network are applied to calibrate selected parameters of IRI-2016. After129

performing the calibration, the model is called ‘C-EnKF-IRI’, which is localized130

over the region of interest, and it is believed to be better fitted for forecasting131

Vertical TECs (VTECs) in the next day. Our argument is that the newly calibrated132

model parameters are fitted against the recent TEC estimates, thus, it is likely133

that they can better reflect the evolution of ionosphere (compared to the original134

model parameters that are computed during older periods with another physical135

conditions).136

Our motivation to select IRI-2016 as the basis of integration is due to its ability137

to describe the physical properties of the ionosphere, and its simple structure. Our138

goal is to show that the model’s known limitations in simulating VTEC during the139

periods with different solar activities can be improved by calibrating the model140

against the VTEC observations from a regional GNSS network. In theory, the141

presented approach of this study is generic, thus, IRI-2016 can be replaced by142

another arbitrary model.143

The IGS network in Europe is considered here to perform the estimation, where144

56 freely available stations with an average between-station distance of ∼ 70 km to145

780 km (i.e., these values are respectively estimated as mean and median of mini-146

mum distance between stations) are used in this study to emphasize the fact that147

the network must not be very dense to achieve regional improvements. Please note148

that commercial correction networks, such as SAPOS (in Germany), and FLEPOS149

(in the Netherlands) contain more homogeneously distributed stations and their150

density is relatively higher, i.e., ∼ 50 km and 30 km, respectively (Engfeldt , 2005).151

Thus, localizing available models using the freely available IGS stations with sim-152

ilar performance of the commercial networks, i.e., forecasting with the accuracy of153

1-2 TEC Unit (TECU), is desirable for GNSS, e.g., SPP, applications.154

We formulated the C-EnKF, instead of using ordinary calibration techniques,155

because it can calibrate the most sensitive model parameters without lineariz-156

ing the model unlike what Least Squares (LS) techniques would need (see, e.g.,157

Krypiak-Gregorczyk et al., 2017). The C-EnKF also uses the GNSS observations,158

when they are available, therefore existing gaps in the measurements do not affect159

the entire calibration procedure. The calibrated parameters, which are estimated160

by C-EnKF, are then applied to estimate VTECs in areas that are not covered by161

the IGS network and to forecast VTECs in future.162

C-EnKF is different from most of the previous studies, where their focus is163

on the ‘data assimilation’ that only updates the model states, e.g., (V)TECs, us-164

ing observations. Even though, some interesting applications have been shown in165

forecasting (V)TECs (e.g., Wu et al., 2015), those predictions only took advan-166

tage of the updated model states (i.e., a better initialization for forecasting). In167
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this study, however, we will present the possibility of ‘calibrating’ the model’s pa-168

rameters, which is likely more efficient (than the data assimilation technique) for169

forecasting VTECs.170

To numerically implement the C-EnKF, 56 IGS stations within Europe are171

used. For estimating VTEC, we only processed the dual frequency signals of the172

GPS constellation because of its consistency within the all available IGS measure-173

ments. At first, the GPS signals (phase and code measurements) are applied to174

estimate VTECs at a single layer with the height of 450 km. Then, the VTEC175

estimates of 53 stations are used in C-EnKF to calibrate selected key parameters176

that are derived by applying a sensitivity analysis of the IRI-2016 model. Finally,177

the VTEC forecasts of C-EnKF-IRI are validated against the VTECs derived from178

dual frequency measurements of three stations that were not used during the cal-179

ibration procedure. The independent validations are also performed against the180

electron density (Ne) profile of C-EnKF-IRI with those of COSMIC (e.g., Liou181

et al., 2007) and critical frequency in the F2 (foF2) with those of in-situ ionosonde182

stations during days with low and high geomagnetic activity. Finally, TEC esti-183

mates of C-EnKF-IRI are compared with the output of Klobuchar, the original184

IRI-2016, NeQuick and GIM models in the SPP mode to assess their performance185

in computing ionospheric corrections for such positioning applications.186

This paper is organized as follows: the data and model sources are described in187

Section 2, followed by the methodology of sensitivity analysis. C-EnKF, and the188

evaluation measures used in this study being presented in Section 3. The numerical189

results, including the forecasts of VTEC values in Europe and validations are190

provided in Section 4. Finally, this study is concluded in Section 5.191

2 Data and Models192

To introduce the VTEC observations, GPS measurements of 56 IGS stations within193

Europe (Fig. (1)) are obtained from ftp://cddis.gsfc.nasa.gov/ with 30-second194

sampling rate covering the entire September 2017. The raw data can be down-195

loaded as the Receiver Independent Exchange (RINEX) format. Measurements of196

the three IGS stations, selected to be GRAZ (longitude: 15.493◦E and latitude:197

47.067◦N in Austria), PTBB (longitude: 10.460◦E and latitude: 52.296◦N in Ger-198

many), and M0SE (longitude: 12.493◦E and latitude: 41.893◦N in Italy (purple199

dots in Fig. (1)) are not considered during the calibration period, but they are200

used for evaluating the forecasting performance of C-EnKF-IRI.201

In what follows, the procedure to estimate GNSS-derived VTEC values and202

their uncertainties is described in Section 2.1. Details of IRI-2016 and other models203

are provided in Sections 2.2 and 2.3.204

2.1 VTEC Determination from Dual Frequency GPS Measurements205

The ionospheric effect on the pseudo-range Ii for the signal frequency f and the206

Slant Total Electron Content (STEC) estimates can be derived by analyzing dif-207

ferential code and carrier phase measurements of the dual frequency GPS L1 and208

L2. Estimating STECs from code measurements is straightforward, however, it209

contains considerable noise level, which needs to be treated. The STEC estimates210

ftp://cddis.gsfc.nasa.gov/
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Fig. 1: An overview of the 56 IGS stations within Europe. From these, GPS mea-
surements of 53 stations (shown in black) are used in the C-EnKF procedure to
estimate VTEC values that are introduced as observation during the calibration
period. VTECs of the three stations (in purple), corresponding to GRAZ, M0SE,
and PTBB, are used for validation. The gridded mean of Root Mean Squares
(RMS) of VTECs derived from the CODE-GIM model during September 2017 is
shown as background map.

from the carrier phase measurements contain lower noise level (compared to code),211

however, the ambiguity number will present in the differential equations (Zhang212

et al., 2019). In order to derive smooth and ambiguity-independent STECs (in213

TECU, i.e., TECU= 1016el/m2), the ‘carrier to code leveling process’ method as214

in Nohutcu et al. (2010), is implemented, i.e.,215

Ii = ±40.3

f2
STEC, (1)

STEC = (P̃4 − br − bs− 〈εp〉arc + εL)

(
f2
1 f

2
2

40.3(f2
2 − f2

1 )

)
, (2)

where P̃4 is the pseudo-range ionospheric observable smoothed by the carrier-phase216

ionospheric one, i.e.,217

P̃4 = 〈P4 + Φ4〉arc − Φ4 ≈ I1 − I2 + br + bs+ 〈εp〉arc − εL. (3)

In Eqs. (2) and (3), P4 and Φ4 are the geometry-free linear combination of pseudo-218

range and carrier phase measurements in the continuous observational arc, I1 and219

I2 are the ionospheric refraction delays at L1 and L2, br and bs are the code inter-220

frequency biases (IFBs) for the receiver, and f1 and f2 are the L1 (1575.420 MHz)221

and L2 (1227.600 MHz) frequencies. Finally, εp and εl are the effects of multi-path222

and measurement noise on the pseudo-range and carrier phase, respectively.223

Since IRI-2016 simulates the VTEC values, the STECs in Eq. (2) are trans-224

formed into the height-independent VTEC estimates using the Single-Layer Model225

(SLM) mapping function (Schaer et al., 1996a) as:226
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VTEC =
STEC

MF
, (4)

with227

MF =
1

cos z′
, sin z′ =

RE
RE +H

sin z, (5)

where RE is the Earth’s mean radius (i.e., 6378.1363 km), z and z′ are the zenith228

angles of the satellite at the user position and the ionospheric pierce point, and229

H is the mean altitude that is considered here to be 450 km to be consistent with230

the IONEX estimates (see Section. 2.3).231

To estimate the uncertainties of VTEC estimates, being used in C-EnKF, we232

follow a variance propagation method as:233

σGPS-VTEC =
α

MF
×
√
σ2
P̃4

+ σ2
br + σ2

bs, (6)

α =
f2
1 f

2
2

40.3(f2
2 − f2

1 )
, (7)

while assuming that σP = σP1
= σP2

= 0.2 m and σφ = σφ1
= σφ2

= 0.02 cycle,234

and the code pseudo-range and carrier phase derived TECs are treated to be235

uncorrelated. The uncertainty of P̃4 (in Eq. (3)) can be estimated as:236

σ2
P̃4

= σ2
φ × λ21 + σ2

φ × λ22 +
1

n
(σ2
φ × λ21 + σ2

φ × λ22 + 2× σ2
P ), (8)

where λ1 and λ2 correspond to the wavelength of carrier phase (i.e., 19.03 cm and237

24.42 cm), n is the number of measurements in the continuous arc, and σbr and238

σbs can be replaced by those from the Differential Code Bias (DCB) files provided239

by the University of Bern (http://ftp.aiub.unibe.ch/BSWUSER52/ORB/).240

2.2 International Reference Ionosphere 2016 (IRI-2016)241

IRI-2016 is a standard model for the specification of plasma parameters in the242

Earth’s ionosphere, which is developed by the Committee on Space Research243

(COSPAR) and the International Union of Radio Science (URSI, Rawer et al.,244

1978). Similar to other empirical models, IRI-2016 uses most of the available data245

sources for improving the simulation of ionosphere properties (e.g., ionosonde, in-246

coherent scatter radar, in-situ, and satellite measurements Bilitza, 2018). Electron247

density, electron temperature, ion temperature, ion composition, as well as VTEC248

estimates can be simulated by IRI-2016 for the altitude range between 50 km-2000249

km based on the geodetic latitude (ϕ) and longitude (λ), Local apparent Solar250

Time (LST), solar index (F10.7, Tapping , 2013) or (R12, Reinisch et al., 2013),251

magnetic index (Ap, Ahluwalia, 2000), ionosphere index IG12, and the model co-252

efficients of URSI or CCIR that are used to force hourly-monthly variations of the253

F2 layer’s critical frequencies (foF2, Rishbeth, 1998).254

The variation of foF2 in mathematically represented by a combination of the255

Fourier expansion and the geographic functions to account for temporal and spa-256

tial changes, respectively (Union-Radiocommunication, 2009). For this, the foF2257

http://ftp.aiub.unibe.ch/BSWUSER52/ORB/
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values are extracted by analyzing the ionosond measurements from stations around258

the world. Pignalberi (2019) states that 13 Fourier coefficients and the geographic259

function up to the order of 76 are currently used in IRI-2016. Thus, IRI-2016260

needs 13 × 76 = 988 coefficients to globally model the foF2 but this is done for261

two selected levels of solar activity, i.e., (IG12 = 0 and IG12 = 100). Therefore,262

the total number of monthly stored coefficients is 988 × 2 levels of solar activity263

= 1976 coefficients (Reinisch et al., 2013).264

In IRI-2016, the global maps of the height and density peaks in the F2 layer,265

which are shown by HmF2 and NmF2, respectively, are determined based on the266

foF2 and they are introduced by considering the International Radio Consulta-267

tive Committee model (CCIR, 1967) and the International Union of Radio Science268

(URSI, Jones and Gallet , 1962). Between CCIR and URSI, the latter is recom-269

mended to model foF2 because it applies an ionospheric condition-dependent270

method to interpolate gaps in global maps and the number of measurements to271

tune URSI is more than that of CCIR (Brown et al., 2018b).272

IRI-2016 accepts the 12-month running mean of the solar index R (denoted273

R12) due to the higher correlation between R12 and ionosonde-measured foF2274

than that between the daily R and foF2. In addition to R12, the daily solar radio275

flux (F10.7) from ftp://ftp.ngdc.noaa.gov is used instead of the sunspot number276

to represent the variations of solar activity. The daily F10.7 is temporally smoothed277

to produce 81-day and 365-day averages, where the first is utilized for estimating278

the topside electron temperature and the ion composition and the latter is used279

for relative density estimation of the molecular and atomic ions. The Ap and280

Kp indexes represent the general level of geomagnetic activity with the temporal281

sampling of 3 hours (Webb and Howard , 1994). Since Kp is quasi-logarithmic282

local index of the 3-hourly range in magnetic activity, it is not meaningful to take283

the average of a set of Kp indices during a day. Therefore, 3-hour Kp index are284

converted into a linear scale called the Ap index (Allen, 2004). The Ap index (ftp:285

//ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/INDICES/KP_AP) and R12 (ftp://286

ftp.ngdc.noaa.gov/STP/SOLAR_DATA/) are introduced to determine the electron287

density in IRI-2016. Another index is the Ionosonde Global (IG12), which proposed288

by Liu et al. (1983) and represents some additional ionospheric changes due to289

solar activity in the F region (Bilitza et al., 2017). This index is computed based290

on modifying the 12-month running mean of the sunspot number R12 to make291

the foF2 measurements of some selected ionosonde stations consistent with values292

from the CCIR foF2 model (Liu et al., 1983; Brown et al., 2018a; Liu et al., 2019).293

2.3 Ionospheric Models for Comparisons294

TEC estimates from the Klobuchar, NeQuick and the IONEX models are used in295

this study to evaluate the results of the original IRI-2016 and its calibrated version,296

i.e., C-EnKF-IRI. The Klobuchar model (Klobuchar , 1987) has been applied by297

the GPS navigation users to mitigate the effect of ionospheric delay because of its298

simple computation and minimum number of coefficients.299

NeQuick contains six semi-Epstein layers with modeled thickness parameters300

for ‘quick’ ionospheric electron density and TEC computation in trans-ionospheric301

propagation applications. This model is adopted for providing ionospheric cor-302

rections in the single frequency operation of Galileo constellation (Nava et al.,303

ftp://ftp.ngdc.noaa.gov
ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/INDICES/KP_AP
ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/INDICES/KP_AP
ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/INDICES/KP_AP
ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/
ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/
ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/
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2008; Aragon-Angel et al., 2019). Recently, the BeiDou Global Ionospheric Model304

(BDGIM) has been developed (Yuan et al., 2019; ICD , 2017a,b, 2020), whose305

outputs will be used in future for validation.306

Since 1998, the International GNSS Service (IGS) associates analysis centers307

have established products containing VTEC maps derived from the dual-frequency308

GNSS data in IONEX (IONosphere EXchange) format. IONEX produces VTEC309

with a spatial resolution of 2.5◦× 5◦ in latitude and longitude, respectively, and a310

temporal resolution of few minutes to several hours in rapid and final modes. These311

products are available with a latency of less than 24 hours and approximately 11312

days in the rapid and final solution modes, respectively (Feltens and Schaer , 1998;313

Hernández-Pajares et al., 2009).314

3 Method315

C-EnKF can be used to calibrate selected model parameters. To define these pa-316

rameters, the Global Sensitivity Analysis (GSA, Saltelli , 2002b) is applied on317

IRI-2016, which is discussed in 3.1. The mathematical formulation of C-EnKF is318

presented in 3.2.319

3.1 Global Sensitivity Analysis (GSA)320

To identify key parameters that dominantly contribute in producing model outputs321

(here VTECs of IRI-2016), the GSA (Saltelli , 2002a) is implemented, which is322

necessary because it increases efficiency of calibration by introducing the updates323

to the most important parameters. Among the GSA algorithms, that of Sobol324

(Sobol , 1990), which is a variance-based approach and works effectively for non-325

linear models, is used in this study. We apply Sobol’s sensitivity index to compute326

the contribution of each parameter to the overall variance while considering the327

interactions with other parameters (Sobol , 1990; Saltelli , 2002a; Forootan et al.,328

2020).329

Parameters are selected to be the geodetic latitude (ϕ) and longitude (λ), solar330

flux (F10.7) and its three-month average (F10.7A), 12-month smoothed ionospheric331

activity index (IG12) and the sunspot number (R12), as well as model coefficients332

including the URSI that contains 1976 elements. To describe the Sobol method,333

the IRI-2016 model (Bilitza, 2018) is presented in the functional form as:334

Y = F (X1, · · · , Xp) = F (ϕ, λ, F10.7, F10.7A, IG12, R12, URSI1,··· ,1976), (9)

where Y represents the VTEC estimates of the model, X = (X1, · · · , Xp) stand335

for a set of p model parameters (here p is 1982=6+1976).336

The first order Sobol’s sensitivity indices Si are computed using:337

Sensitivity index : Si =
Di
D
, (10)

where the partial variance Di represents a portion of the total variance D.338

Because IRI-2016 is non-linear, it is almost impossible to calculate the variances339

of individual parameters analytically (Nossent et al., 2011). Hence, the Monte340
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Carlo sampling approach of (Gan et al., 2014) is considered here following the341

implementation in Saltelli et al. (2010). For this, we consider two n×p independent342

matrices of A and B, where n is the ensemble size and p represents the number of343

parameters. Entries of these matrices are filled by generating 90 ensembles of the344

parameters considered in Eq. (9) using the Gaussian distribution with the mean345

value equal to the default value of the parameters and its standard deviation to be346

1% of the default value. The variances in Eq. (10) can be numerically evaluated347

as (see also, Sobol , 2001; Zhang et al., 2013):348

D =
1

2n− 1

n∑
s=1

[F 2(XA1, . . . , XAp) + F 2(XB1, . . . , XBp)]− F 2
0 , (11)

where n is the ensemble size, F (XA1, . . . , XAp) and F (XB1, . . . , XBp) are the349

model output evaluated against the ensemble model’s input A and B, respectively,350

and F0 is the expected value of the model output that is estimated using:351

F 2
0 =

1

n

n∑
s=1

F (XA1, . . . , XAp)× F (XB1, . . . , XBp). (12)

Partial variances in Eq. (10) that are related to the parameters Xi are com-352

puted as:353

Di =
1

2n− 1

n∑
s=1

[F (XA1, . . . , XAp)×

F (XB1, . . . , XB(i−1), XAi, XB(i+1), . . . , XBp)]− F 2
0 . (13)

where each F (XB1, . . . , XB(i−1), XAi, XB(i+1), . . . , XBp) is the IRI-2016 model354

output whose parameters are taken from the sample matrix B, except Xi, which355

takes the inputs from A.356

3.2 Sequential Calibration Based on the Ensemble Kalman Filter (C-EnKF)357

Core of the calibration procedure is selected to be the EnKF (as in Evensen,358

2009; Schumacher , 2016; Forootan et al., 2020). This technique uses the available359

measurements sequentially and based on their error covariance and those of model,360

then it decides how to update (calibrate) the model’s parameters. To formulate361

the calibration procedure in a general way, let us assume that the original model362

of Eq. (9) is rewritten as:363

Original model, e.g., IRI-2016 : F (Θ) = F (Θ0, ΘR, ΘI), (14)

where Θ is a vector of parameters and input values in the model. In our formu-364

lation, we consider that Θ consists of Θ0m1×1 that are the key parameters from365

GSA (Sec. 3.1) and will be updated during the calibration procedure, ΘR rep-366

resents those parameters that will remain unchanged during calibration, and ΘI367

indicates the input variables such as the solar and geomagnetic indices, location,368

and time.369
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Ensembles of the model’s key parameters are generated by a Monte Carlo sim-370

ulation that considers ith (i.e., i = 1, ...n) ensemble members of the key parameters371

(Xf
1,i) expressed as:372

Xf
1,i = Θ0 + ξi, i = 1, ...n, (15)

where Θ0m1×1 is a vector of default values of the key parameters in IRI-2016 as373

in Eq. (14) plus random errors (ξi) that perturb these initial values. Similar to374

GSA (Sec. 3.1) , the magnitude of noise is decided to be 1% of each variable.375

The four most sensitive parameters (m1 = 4) from GSA are considered here to be376

calibrated using the VTEC measurements. In the C-EnKF procedure, ensembles377

of 90 members (n = 90) are used to perform the numerical integration. The GNSS-378

derived VTECs are obtained from 53 IGS stations within Europe, which makes it379

m2 = 53 observations in each epoch to be used for calibration.380

The ensemble of key parameters (Xf
1 ) and model states (i.e., simulated VTECs381

using perturbed key parameters (Xf
2=F (Θ0 + ξ,ΘR, ΘI)) are integrated and de-382

noted by Xm×n as:383

Xf =

 Xf
1m1×n

−−−−−
Xf

2m2×n

 , (16)

where the upper-index ‘f ’ represents the model forecast. The ensemble mean vector384

(x̄fm×1) of Eq. (16) and the covariance matrix of the forecasting step (Cf
m×m) are385

defined as:386

x̄f =

[
x̄f1
x̄f2

]
, (e.g., x̄f1 =

1

n

n∑
i=1

xf1,i), (17)

Cf =
1

n− 1
(Xf − x̄f )(Xf − x̄f )T , (18)

In each analysis step, shown by the upper-index ‘a’, the estimation of key param-387

eters (Xa) follows:388

Xa
m1×n = Xf

1 + KΘ(Y−HXf), (19)

and their ensemble mean, shown by x̄a, is computed as:389

x̄am1×1 = x̄f1 + KΘ(ȳ−Hx̄f ), (20)

Here, Ym2×n and ȳm2×1 represent the ensembles (i.e., perturbed by the estimated390

noise from Eq.6) and the ensemble mean of GNSS VTECs, respectively. There-391

fore, according to Eqs. (19 and 20), the estimated updates directly depend on392

the differences between the real observations (Y) and model predictions (HXf),393

while considering their weights, which are reflected in the Kalman gain matrix394

(KΘm1×m2
) that is computed as:395

KΘ = Cf
ΘH

T
(
HCfHT + CR

)−1
, (21)
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In Eq. (21), the cross covariances between the key parameters and the state vari-396

ables are represented by Cf
Θm1×m2

, i.e.,:397

Cf
Θm1×m2

=
1

n− 1
(Xf

1 − x̄f1 )(Xf
2 − x̄f2 )T , (22)

where Xf
1 and Xf

2 are defined as the ensemble of key parameters and model state,398

and x̄f2 and x̄f1 are the ensemble mean of key parameters and model state, respec-399

tively.400

The covariance matrix of GNSS-derived VTEC observations is shown by (CR
m2×m2

).401

Assuming that the measurements of each GNSS station to be independent, it will402

be diagonal matrix whose the estimations follows:403

CR
m2×m2

= diag(σ2
GNSS-VTECi

), (i = 1, · · · ,m2) (23)

where the root of its diagonal elements is determined by Eq. (6). In Eqs. (19, 20,404

and 21), the design matrix H is defied as:405

Hm2×m = [0m2×m1 Im2×m2 ], (24)

where 0m2×m1 is a zero matrix, and Im2×m2 represents the identity matrix. This406

means that in each step of the Kalman Filter process observations have a linear407

relationship with the model states.408

C-EnKF procedure (Eq. 16 to Eq. 24) has been evaluated at each time step to409

obtain the ensemble of parameters (i.e, Xa), and their mean (i.e, x̄a). The ensemble410

of key parameters from analysis step (Eq. (19)) is used for the forecasting step (Xf
1411

of Eq. (16)) of the next time step in simulating VTEC values and the calibration412

procedure continues until the observations are accessible.413

The calibration procedure is performed using 24 hours of GNSS VTEC esti-414

mates. The last set of parameters that are estimated by Eq. (20) are considered415

as the optimal solution, which provides us with Θ̂0. These parameters then re-416

place the default values of the original IRI-2016 model Eq. (14) to estimate those417

VTECs that are not covered by IGS station or for forecasting the VTECs for the418

next day (covering the entire Europe). The (daily) calibrated model is known here419

as ’C-EnKF-IRI’, which can be represented by:420

Calibrated model, i.e., : F(Θ̂0, ΘR, ΘI), (25)

The forecasting of VTECs for the next day can be evaluated using the predictor421

model as:422

Predictor model, i.e., : F(Θ̂0,d, ΘR, ΘId+1
), (26)

where d is the day that C-EnKF is implemented. Thus, the predictor model can be423

run using the calibrated values of the day d, i.e., Θ̂0,d, and the indices of the next424

day d+ 1, i.e., ΘId+1
. Other parameters, i.e., ΘR, remain unchanged. An overview425

of the C-EnKF procedure to calibrate IRI-2016 and its evaluation is shown in Fig.426

(2).427
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3.3 Evaluation Measures428

To evaluate the performance of the original and calibrated models, the following429

metrics are applied.430

– ‘Bias’ is defined as:431

Bias =
1

n

n∑
i=1

(Obsi −Modeli), (27)

where Obs and Model denote observation and model estimates, receptively,432

and n is the number of observations.433

– The expression of bias in percentage is determined based on the ‘Relative434

Difference (RD)’, which is computed as:435

RD = 100×
n∑
i=1

(
Obsi −Modeli

Obsi
), (28)

where the positive (negative) values of the bias and RD results indicate that436

the model underestimates (overestimates) compared to the observations.437

– ‘Root Mean Squares of Error (RMSE)’ is computed to show how well model438

estimates agree with observations as:439

RMSE =

√∑n
i=1(Obsi −Modeli)2

n
. (29)

The square term inside the RMSE equation highlights both positive and neg-440

ative differences between the quantities.441

– ‘Improvement’ is defined as changes in the computed RMSEs after implement-442

ing C-EnKF as:443

Improvement = 100× RMSE1 − RMSE2

RMSE1
, (30)

where RMSE1 is computed using the original IRI-2016 and GNSS-derived444

VTECs, and RMSE2 is determined using those of C-EnKF-IRI and GNSS-445

derived VTECs.446

– ‘Average of Absolute Percentage Deviation (AAPD)’ is expressed as the per-447

centage of absolute difference between observation and model as:448

AAPD = 100×
∑n
i=1(|Obsi−Modeli

Obsi
|)

n
, (31)

where |.| computes the absolute values. Minimum (maximum) values of AAPD449

correspond to the average best (worst) performance of a model in estimating450

VTECs.451

– ‘Normalized Root Mean Square Error (NRMSE)’ is used as a scale-independent452

measure to represent the fraction of the variance in the data that is predicted453

by the model, and it is defined as:454

NRMSE = 1−
√∑n

i=1(Obsi −Modeli)2√∑n
i=1(Obsi − Ōbs)2

, (32)
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where Ōbs is defined as the mean of observations. In contrast to AAPD, the455

minimum (maximum) values of NRMSE correspond to the average worst (best)456

performance of model in simulating VTECs.457

– ‘Correlation Coefficients (CCs)’ are used as a unit-less measure to represent458

the overall fit between model estimations and observations:459

CC =

∑n
i=1 (Modeli − ¯Model)(Obsi − Ōbs)√∑n

i=1 (Modeli − ¯Model)2
∑

(Obsi − Ōbs)2
. (33)

The range of CCs is from –1 to +1, where –1 indicates the perfect negative460

correlation, +1 corresponds to the 100% fit, and zero indicates no correlations.461

4 Results and Discussion462

An overview of the work-flow of applying the C-EnKF technique to calibrate the463

IRI-2016 model is presented in Fig. (2). The procedure is divided into three lev-464

els. In 1- observation level, the IGS stations within Europe are used to estimate465

STECs and VTECs as described in Section 2.1. The latter is used as observation to466

tune the parameters of IRI-2016. In 2- model level, the Global Sensitive Analysis467

(GSA) approach of Section 3.1 is applied to detect key parameters of IRI-2016,468

which are found to be four, i.e., URSI(771), URSI(1752), URSI(1327), and IG12.469

Then, these parameters are calibrated through the C-EnKF method as described470

in Section 3.2. During 3- validation level, we insert the calibrated parameters in471

Eq. (26) to simulate and forecast ionosphere parameters such as VTEC, Electron472

density, and foF2. These estimates are compared with different observations such473

as independent GNSS stations, IONEX maps, Radio Occultation (RO) profiles474

and ionosonde stations will be demonstrated in Sections 4.2 and 4.3.475

Before discussing the calibration results, we justify our choice of four calibra-476

tion parameters. For this, the empirical covariance matrix is computed using the477

network-derived VTECs and 10 arbitrary parameters that are likely the most sen-478

sitive. Our covariance estimation follows the approach in Schumacher et al. (2015)479

during September 2017, where 90 ensemble members are used for computations.480

The Correlation Coefficients (CCs) between each parameters and the grid point481

averaged VTECs demonstrate whether these observations will be able to calibrate482

the parameters. The results are shown in Fig. (3) that correspond to the longitude483

15◦ and different latitudes at the range of 30◦N − 75◦N. The figure shows that484

the highest positive and negative CCs (for IG12, URSI(771), URSI(1327) and485

URSI(1752)) are 75%, 47%, -30% and 42%, respectively. These highest values are486

associated with the four parameters, which are identified by GSA (Section 3.1).487

This investigation convinces us that the parameters are correctly selected and can488

be (re-)calibrated by the C-EnKF procedure.489

During the calibration procedure, 90 ensemble members of IRI-2016 are gen-490

erated (Eq. (15)), where the parameters are drawn from Gaussian distribution491

(shown by N(mean, standard deviation)) as: URSI1327 ∼ N(158.74, 1.58), URSI771 ∼492

N(128.47, 1.28), URSI1752 ∼ N(−142.64, 1.42), and CIG ∼ N(0, 10) (the bias of493

IG12 is called CIG). Using an empirical iterative approach, we found that using494

GPS observation (with 15 minutes sampling rate during 24-h) provides the least495

fitting errors to validate or predict VTECs for the same or next day. Therefore,496
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Fig. 2: An overview of the C-EnKF procedure and validation applied on the IRI-
2016 to localize it for simulating and forecasting VTECs within Europe. The pro-
cedure is divided into three levels: 1- observation (on top), 2- model (middle), and
3- validation levels (bottom).

Fig. 3: Averaged Correlation Coefficients (CCs) between 10 model parameters
and VTECs obtained from the IRI-2016 model during September 2017. Results
correspond to an arbitrary grid points with the longitude of 15◦E and the latitudes
of 30◦N− 75◦N.

each day (24 Hours) contains 96 steps, where for each step, a set of calibrated497

parameters is determined (Eq. (20)). This procedure often converges before 12498
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hours (i.e., after 12 hours, the calibrated parameters do not considerably change).499

Eventually, the calibrated parameters replace the default values of IRI-2016. These500

parameters then can be used to estimate VTECs in the analysis and forecasting501

steps (e.g., Eqs. (25) and (26)). The new model is abbreviated as ‘C-EnKF-IRI’.502

In what follows, VTEC estimates of C-EnKF-IRI are assessed in three differ-503

ent ways: in Section 4.1, the VTEC estimates of IRI-2016 and C-EnKF-IRI are504

compared with those of GNSS-derived VTECs in 56 stations (Fig. (4a)) during505

the analysis mode to understand how the calibration procedure changed the orig-506

inal IRI-2016 model. In Section 4.2, the forecasting performance of C-EnKF-IRI507

is validated against the GNSS-derived and IONEX VTECs. In addition, the val-508

idation of C-EnKF approach against electron density from COSMIC and foF2509

from ionosode are presented in Section 4.3. Finally, in Section 4.4, the forecasting510

performance of C-EnKF-IRI is compared with Klobuchar, NeQuick, IRI-2016 and511

final product of IONEX models to compute ionospheric delays in SPP application.512

This is shown for two of validation stations (GRAZ and PTBB) during September513

2017.514

4.1 Comparison of C-EnKF-IRI with GNSS-derived VTEC Measurements515

To evaluate the performance of calibration, the analysis results (Eq. (25)) are516

assessed by computing the RMSE (Eq. (29)) between models estimates (i.e., IRI-517

2016 and C-EnKF-IRI) and the network-derived VTEC estimates for 56 stations518

in Fig. (4) during September 2017 with different geomagnetic (3nT−106.2nT) and519

solar activity (71 − 185sfu) conditions. The results show that after implement-520

ing the C-EnKF, the overall RMSE is reduced by 42.3% (computed in Eq. (30)).521

Particularly, Fig. (4a) demonstrates the spatial distribution of average improve-522

ments at 0h, 4h, 8h, 12h, 16h, and 20h UT for the entire period. The values range523

between 31% and 60%, and the average values at 12 UT are found to be bigger524

(on average 54.5%) because the accuracy of IRI-2016 around 12 UT on each day525

is worse than other times of the day. The daily spatial average of RMSEs during526

the entire month is shown in Fig. (4b), which indicates 42.3% reduction in RMSE527

(the range of reduction was between 2.5% and 73.68%). Therefore, these results528

indicate that the VTEC estimates of C-EnKF-IRI are closer to those from dual529

frequency GPS measurements during the analysis step. Though this step is not an530

independent validation, it shows that the selection of parameters in the analysis531

step was correct and the impact of VTEC observations can correctly be introduced532

to the model through the calibration procedure.533

In Table 1, RMSE (Eq. (29)), AAPD (Eq. (31)), and NRMSE (Eq. (32)) for534

the validation stations (GRAZ, M0SE, and PTBB), during September 21st and535

4th, 2017, with low and high solar activity (i.e., F10.7 values of these days were536

73 sfu and 183 sfu, respectively) are summarized. The numerical results indicate537

that the VTECs of C-EnKF-IRI are of higher quality than those of IRI-2016. The538

monthly average of RMSE in the analysis mode for these stations decreases from539

3.2 TECU, 3.9 TECU, and 2.3 TECU to 1.19 TECU, 1.43 TECU, and 0.98 TECU,540

respectively.541
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(a) Spatial distribution of the improvements (Eq. (30)) during September 2017 derived in
the analysis phase. The presented value for each station is the mean of daily improvements
over one month by comparing the VTEC simulations of the original IRI-2016 and C-EnKF-
IRI with those derived from the dual frequency GPS measurements.

(b) An overview of the daily spatial average of RMSEs that are computed for IGS stations
within Europe during September 2017.

Fig. 4: A comparison of spatial and temporal variation of RMSEs between the
original IRI-2016 and C-EnKF-IRI compared to the VTEC estimates derived from
dual frequency GPS measurements during September 2017.

Table 1: A summary of RMSE, AAPD and NRMSE measures to assess the analysis
step of C-EnKF-IRI for 3 validation stations (in Fig. (1)) within Europe. These
values correspond to September 21st and 4th, 2017.

(a) The evaluation criteria on September 21st, 2017 (low solar activity)

Stations
(Lat [deg] , Long [deg])

RMSE [TECU] AAPD [%] NRMSE

IRI-2016
Vs. GNSS

C-EnKF-IRI
Vs. GNSS

IRI-2016
Vs. GNSS

C-EnKF-IRI
Vs. GNSS

IRI-2016
Vs. GNSS

C-EnKF-IRI
Vs. GNSS

GARZ
2.40 1.00 29.10 10.20 0.22 0.67

(47.07 , 15.49)
M0SE

3.35 1.36 33.67 12.69 0.05 0.61
(41.89 , 12.49)

PTBB
1.07 0.76 15.45 9.76 0.61 0.72

(52.30 , 10.46)

(b) The evaluation criteria on September 4th, 2017 (high solar activity).

Stations
(Lat [deg] , Long [deg])

RMSE [TECU] AAPD [%] NRMSE

IRI-2016
Vs. GNSS

C-EnKF-IRI
Vs. GNSS

IRI-2016
Vs. GNSS

C-EnKF-IRI
Vs. GNSS

IRI-2016
Vs. GNSS

C-EnKF-IRI
Vs. GNSS

GARZ
3.76 0.96 37.32 8.53 -0.14 0.70

(47.07 , 15.49)
M0SE

5.26 1.59 43.43 13.38 -0.48 0.54
(41.89 , 12.49)

PTBB
2.13 0.92 25.82 12.62 0.29 0.69

(52.30 , 10.46)



18 M. Kosary et al.

A more comprehensive validation under different geomagnetic conditions is542

achieved by processing the differences between the original IRI-2016 or C-EnKF-543

IRI and the VTEC estimates from dual frequency GPS measurements during544

September 2017. The bottom panel of Fig. (5) shows daily Kp (from 2 to 8)545

and daily mean Disturbance Storm Time (DST, Gonzalez et al., 1999) changing546

from −88nT to 22nT . The latter is downloaded from http://wdc.kugi.kyoto-u.547

ac.jp/dst_realtime/ and represents the strength and duration of geomagnetic548

storms for one month. The plots indicate that the selected period covers different549

levels of geomagnetic activity. In addition, Fig. (5) shows the daily bias (Eq. 27)550

and RMSE (Eq. 29) results from the original IRI-2016 and C-EnKF-IRI VTECs551

with the reference to those of the three validation stations. It can be seen that552

these measures decrease, i.e., the averaged Bias/RMSE reduces from 3.5 TECU/3.8553

TECU to 0.73 TECU/1.5 TECU. Thus, we conclude that the C-EnkF-IRI is effec-554

tive for forecasting VTEC during different geomagnetic activity levels. Particularly,555

during the storms, the average of improvement for the three validation stations556

is found to be 72.2%, 64.9%, 70.1% and 58.7% during September 7th, 8th, 27th,557

and 28th. The considerable improvements after the calibration indicate that the558

short-term ionospheric dynamics (e.g., calibrating the ionospheric activity index559

IG12) are better introduced to the model, see Figs. (4b) and (5).560

Fig. 5: Daily biases and RMSEs of VTEC estimates derived from the original IRI-
2016 and C-EnKF-IRI when they are compared with the VTEC estimates of the
validation stations during September 2017 (DOY 244-273).

http://wdc.kugi.kyoto-u.ac.jp/dst_realtime/
http://wdc.kugi.kyoto-u.ac.jp/dst_realtime/
http://wdc.kugi.kyoto-u.ac.jp/dst_realtime/
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4.2 Regional Validations of the VTEC Forecasts561

In this section, C-EnKF-IRI is assessed in the forecasting phase, for which the set of562

calibrated parameters in 24 hours are used to forecast VTEC values of the next 24563

hours (Eq. 26). These forecasts are performed for 29 days (2nd-30th) of September564

2017. On average, over Europe, the mean of RMSE between the original IRI-565

2016 and the GNSS-derived VTEC estimates was found to be 2.5 TECU, whereas566

that of C-EnKF-IRI and observations was found to be 1.1 TECU. To illustrate567

the temporal evolution, Figs. (6a) and (6b) present the VTEC forecasts for some568

selected stations, where those of the NeQuick, original IRI-2016, C-EnKF-IRI,569

final product of IONEX and GNSS stations are shown during September 5th and570

22nd, with relatively high (F10.7 = 120sfu) and low (F10.7 = 85sfu) solar activity,571

respectively. The monthly average of statistical measures are presented in Table 2.572

These results indicate that not only the RMSE of VTEC estimates and biases are573

reduced, but also the CCs between the daily forecast of VTECs and observations574

are increased.575

Table 2: A summary of averaged evaluation criteria from the forecasting phase.
The values are estimated by comparing the VTECs of the NeQuick, original IRI-
2016, C-EnKF-IRI and final product of IONEX with those of IGS stations during
September 2017.

Stations
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JOZ2
2.66 2.07 0.98 1.4 -1.36 1.62 -0.75 -0.22 0.94 0.94 0.98 0.95

(52.1 , 21.03)
M0SE

3.01 4.01 1.2 2.29 0.41 3.65 0.89 0.49 0.93 0.93 0.97 0.96
(41.89 , 12.49)

ORID
3.52 4.14 1.25 2.52 -0.32 3.8 0.95 0.51 0.93 0.92 0.97 0.93

(41.13 , 20.79)
PTBB

2.57 1.78 1.08 1.41 -1.41 1.31 -1.03 -0.49 0.95 0.95 0.99 0.96
(52.30 , 10.46)

OAK2
2.61 1.95 0.77 1.55 -0.98 1.50 -0.64 -0.43 0.95 0.95 0.99 0.96

(51.12 , -0.91)
YEBE

3.53 3.30 1.98 2.76 -1.21 2.18 0.01 -1.33 0.986 0.96 0.98 0.97
(40.52 , -3.09)

GRAZ
2.93 2.90 0.72 1.63 -0.81 2.56 -0.17 0.11 0.94 0.94 0.98 0.95

(47.07 , 15.49)

Analogous to Fig. (4a), in Fig. (7), 4-hourly maps of improvements in VTEC576

estimations are presented in the forecasting phase. This figure shows that the577

calibrated model is effective in all Europe, though, the magnitude of improvements578

might be slightly different in different locations and different hours of the day.579

Overall, C-EnKF-IRI is able to reduce the errors by ∼ 40% during different hours580

of a day. Different statistical measures such as bias, standard deviation of RMSE581

values, and the range of improvements are reported in Table 3.582
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Table 3: Summary of averaged statistical measures derived in the forecasting phase.
The values are computed by comparing the VTEC estimates of the original IRI-
2016 and C-EnKF-IRI with those of GNSS measurements during September 2017.

Hour (UT)
IRI-2016 C-EnKF-IRI

Range of improvement
[%]

Mean of RMSE Std of RMSE Mean of RMSE Std of RMSE
[TECU] [TECU] [TECU] [TECU]

0 2.1591 0.589 1.3621 0.575 [ 46.95 , 61.48 ]
4 1.9951 0.346 1.2093 0.228 [ 33.53 , 56.11 ]
8 2.6426 0.517 1.8698 0.443 [ 31.23 , 48.23 ]
12 3.2873 0.662 1.8899 0.527 [ 8.46 , 45.50 ]
16 3.0392 0.628 1.9373 0.495 [ 23.32 , 60.23 ]
20 1.9586 0.461 1.4886 0.372 [ 3.77 , 53.64 ]

4.3 Validating C-EnKF-IRI with COSMIC Radio Occultation and Ionosonde583

Data584

In this section, we go one step further in validating the C-EnKF-IRI model, and585

will compare its electron density (Ne) profiles and critical frequency in the F2586

(foF2) layer instead of focusing on the integrated values of VTEC. For this, Ne587

profiles and foF2 of the original IRI-2016 model and C-EnKF-IRI are compared588

with the COSMIC radio occultation and in-situ ionosonde data, respectively.589

4.3.1 Validation Against COSMIC Data590

The COSMIC data are available as ‘ionPrf’ products (from http://www.cosmic.591

ucar.edu), and their accuracy is generally about 104–105 cm−3 (COSMIC Pro-592

gram Office, 2013). Before validating the proposed method with RO data, it is593

necessary to perform some quality control tests on the individual ionospheric elec-594

tron density profiles. For this purpose, the least squares method is used to fit a595

two-layer Chapman function to each profile (Lei et al., 2007). This makes the best596

fit with RO electron density profiles at the F2 layer. In addition, we estimated the597

mean deviation of the electron density profiles to quantify the effect of ionospheric598

plasma irregularities on the height variation in the electron density following Yang599

et al. (2009). In the following, we represent the two COSMIC samples related to600

an unsuitable (left) and a suitable (right) electron density profile in Fig. (8).601

The effect of C-EnKF-IRI in forecasting Ne is shown here as an example during602

September 5th, 8th, 10th and 13th with different Kp index Kp = 4, Kp = 8,603

Kp = 3 and Kp = 5, respectively (see Fig. (9)). Here, only those data are selected,604

whose COSMIC tangent point trajectory is entirely within Europe. The results605

indicate improvements in the range of 33.5%− 84.6% in the estimations of Ne for606

the height of > 300km. At the bottom of ionosphere (i.e., the height < 300km) ,607

the accuracy of the COSMIC data is questionable (Lei et al., 2007; Yue et al., 2011;608

Pedatella et al., 2015), thus, the corresponding values are ignored in computing609

the evaluation measures.610

To investigate the impact of C-EnKF in simulation Ne during quiet and storm611

conditions, Relative Differences (RD, Eq. (28)) between the original IRI-2016, as612

well as C-EnKF-IRI and those of RO are calculated. These values are then used613

in following Eq. (28) to compute the percentage of improvements as shown in614

http://www.cosmic.ucar.edu
http://www.cosmic.ucar.edu
http://www.cosmic.ucar.edu
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Fig. (9). The mean improvement of RD in forecasting Ne under quiet and storm615

conditions is found to be ∼ 33% and 39%, respectively.616

4.3.2 Validation Against Ionosonde Data617

Here, we perform a comparison of the foF2 values, which represent the critical618

frequency in the F2 layer (McNamara and Thompson, 2015), provided by five619

in-situ ionosonde stations (available from https://www.ukssdc.ac.uk/cgi-bin/620

digisondes/cost_database.pl) and those of models. Comparisons are shown in621

Fig. (10), and the numerical results are reported in Table 4. After implementing622

C-EnKF, the overall RMSE during September 2017 is reduced by 36%, 39%, 32%,623

42%, and 37% in Chilton (longitude: 1.3◦W and latitude: 51.6◦N, United King-624

dom), Dourbes (longitude: 4.6◦E and latitude: 50.1◦N, Belgium), Juliusruh (longi-625

tude: 13.4◦E and latitude: 54.6◦N, Germany), Moscow (longitude: 37.3◦E, latitude:626

55.5◦N, Russia), and Rome (longitude: 12.5◦E and latitude: 41.9◦N, Italy), respec-627

tively. Therefore, C-EnKF-IRI is expected to be more efficient than the original628

IRI-2016 in describing ionosphere variables such as the foF2 and Ne values.629

Table 4: A summary of averaged statistical measures derived by comparing the
original IRI-2016 as well as C-EnKF-IRI with the foF2 from five ionosonde sta-
tions in Europe (Chilton, Dourbes, Juliusruh, Moscow and Rome). Model out-
puts that are used in the computation correspond to the forecasting phase during
September 2017.

Model
RMSE [MHz] NRMSE AAPD [%]

IRI-2016 C-EnKF-IRI IRI-2016 C-EnKF-IRI IRI-2016 C-EnKF-IRI

Chilton 1.226 0.774 -0.063 0.328 21.464 11.662
Dourbes 1.191 0.722 0.048 0.422 20.574 11.159
Juliusruh 1.149 0.780 0.010 0.328 20.597 12.862
Moscow 1.092 0.630 -0.040 0.399 19.095 10.295
Rome 0.974 0.613 0.238 0.520 15.765 9.292

4.4 The Assessment of C-EnKF-IRI in SPP Applications630

Two IGS stations (i.e., GRAZ and PTBB in Austria and Germany, respectively, see631

Fig. (1)) are chosen to evaluate the skill of empirical models in SPP applications.632

For this, the equivalent ionospheric delays (corresponding to the ionospheric TEC633

changes) are computed using Eq. (1). VTECs of models are converted to STEC634

using the inverse of mapping function (Eq. (5)). Then, the corresponding iono-635

spheric delays are determined by Eq. (1). Therefore, in each day, the slant delays636

between in-situ stations and 32 GPS satellites (when available) are computed.637

The corresponding estimates (using the same receiver/satellite positions and time638

steps) are used to estimate delays using empirical models. Here, we compare the639

performance of the VTEC forecasts of C-EnKF-IRI with those of Klobuchar, the640

original IRI-2016, and NeQuick models, as well as those of the 2-hourly IONEX641

fields.642

https://www.ukssdc.ac.uk/cgi-bin/digisondes/cost_database.pl
https://www.ukssdc.ac.uk/cgi-bin/digisondes/cost_database.pl
https://www.ukssdc.ac.uk/cgi-bin/digisondes/cost_database.pl
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Figures (11a) and (11b) show the RMSEs of delays (in m) that are derived643

by comparing those of empirical models the direct linear combination of dual fre-644

quency GPS measurements, using Eq. (29), on September 21st and 4th, 2017,645

respectively. These results can be interpreted as slant elevation errors, where646

those of C-EnKF-IRI and IONEX are found to be the lowest (with the mean647

and range of 0.33m [0.30m − 0.40m] and 0.34m [0.24m − 0.53m], respectively).648

Those of Klobuchar, IRI-2016, and NeQuick are found to be considerably bigger,649

i.e., (with the mean and range of 1.68m [0.64m− 3.90m], 0.73m [0.27m− 4.28m],650

and 0.72m [0.29m− 1.67m], respectively). Detailed statistical assessments for the651

entire September 2017 are summarized in Table 5.652

Table 5: A summary of RMSE of ionospheric delay estimates derived by comparing
the original IRI-2016, C-EnKF-IRI, Klobuchar, NeQuick, and final product of
IONEX with those derived from analyzing dual frequency GPS measurements. The
evaluations correspond to: 1) September 21st, 2017 (low solar activity F10.7 = 73
sfu), 2) September 4th, 2017 (high solar activity F10.7 = 183 sfu), and 3) temporal
average of the RMSE estimates during the entire September 2017.

Date Station Klobuchar Nequick IRI-2016 IONEX C-EnKF-IRI

S
ep

t.
2
1
s
t GRAZ 1.3889 m 0.3851 m 0.5298 m 0.3459 m 0.2986 m

PTBB 1.5893 m 0.2914 m 0.3536 m 0.2839 m 0.2678 m

S
ep

t.
4
th

GRAZ 1.8068 m 1.1841 m 0.8629 m 0.3239 m 0.2979 m
PTBB 1.9202 m 1.1537 m 0.5929 m 0.2777 m 0.3033 m

en
ti
re

S
ep

t. GRAZ 1.6856 m 0.7295 m 0.7210 m 0.3380 m 0.3466 m
PTBB 1.7639 m 0.6559 m 0.5323 m 0.2805 m 0.3103 m

Assessments of the C-EnKF-IRI VTEC in terms of its impact on positioning653

accuracy are performed during September 4st and 21th, 2017 with high and low654

solar activity index, respectively. The processing strategy and the error modelling655

for the performed SPP experiments are summarized in the following: observations656

are selected to be pseudo-range measurements from GPS; satellite positions at657

the transmission epoch computed from their broadcast ephemeris; for troposphere658

corrections we used the Saastamoinen model (Saastamoinen, 1972) and the Global659

Mapping Function (GMF, Boehm et al., 2006); the elevation cut-off angle and the660

sampling interval are chosen to be 10 degree and 30 seconds, respectively. To661

investigate the impact of VTEC modelling on the position accuracy, the SPP662

experiment is repeated five times with the same setup but for estimating the663

ionospheric delays, the Klobuchar, NeQuick, IRI-2016, and C-EnKF-IRI model664

outputs, as well as the IONEX (final) products of IGS center are used. Following665

these setups, we can obtain five position estimations that are only different in the666

input used for the reduction of the ionospheric effects.667

For numerical assessments, the Root Mean Squares Error (RMSE) (Eq. (29))668

between the final solutions of SPP (i.e., the final estimation of station coordinates669

in the SPP strategy) is calculated. As our reference, the SPP coordinates, whose670
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ionosphere effect was corrected by the final IONEX TEC products are considered671

as reference. This is chosen following the recommendation of previous studies who672

found the IONEX TEC to be well suited for the SPP experiments (Rovira-Garcia673

et al., 2020; Rovira-Garcia et al., 2015; Liu, 2016; H̊akansson, 2020). This means674

that each SPP coordinates of other four scenarios that are closer to the reference675

(smaller RMSE) can be considered as the desired approach.676

Figure 12 shows the computed position differences on September 4st, 2017.677

Plots indicate that the use of C-EnKF-IRI for computing the ionospheric cor-678

rections reduces the positioning differences with the reference positions, mean of679

−0.03 m, which is considerably smaller than those SPP solutions corrected by680

Klobuchar, NeQuick and IRI-2016, where the differences of 1.13m, 2.05m and681

−0.51m were found, respectively. Table 6 summarizes the numerical results, which682

shows the final coordinates solution of the SPP corrected by C-EnKF-IRI are very683

close to the final coordinates of the SPP solution driven by the IONEX TEC. Fur-684

thermore, its positioning uncertainties is found smaller than the other experiments685

(compare the columns 4th, 6th, 8th and 10th of Table 6.686

Table 6: A summary of RMSE between final solutions and uncertainties of SPP
derived from Klobuchar, NeQuick, original IRI-2016, C-EnKF-IRI compared to the
final IONEX product (IGSG). The RMSE between final solutions and uncertainties
are called RMSESol and RMSEUnc, respectively. The evaluations correspond to:
1) September 21st, 2017, 2) September 4th, 2017.

Date Station
Klobuchar Nequick IRI-2016 C-EnKF-IRI

RMSESol RMSEUnc RMSESol RMSEUnc RMSESol RMSEUnc RMSESol RMSEUnc

[m] [m] [m] [m] [m] [m] [m] [m]

S
ep

t.
2
1
s
t GRAZ 1.98 1.96 0.51 1.69 0.62 1.75 0.08 1.22

PTBB 1.79 2.84 0.69 1.15 0.81 1.21 0.38 0.97

S
ep

t.
4
th

GRAZ 2.43 1.94 4.89 3.87 1.3 2.51 0.13 1.32
PTBB 2.11 3.59 4.03 5.38 1.32 1.14 0.34 1.41

In comparison with Klobuchar, NeQuick and IRI-2016 models, the use of C-687

EnKF-IRI model improves the positioning accuracy by 94%, 97% and 89% for688

GRAZ station, as well as 83%, 91% and 73% for PTBB station during September689

4th. These values are found to be 95%, 83% and 86% for GRAZ station, as well690

as 78%, 44% and 53% for PTBB station during September 21st, respectively. The691

differences in the magnitude of improvements are related to the differences in solar692

activity of these two days. Since the use of IONEX TEC fields for SPP applications693

is recommended (Su et al., 2019b), these results justify that C-EnKF-IRI can be694

potentially performed in near real-time positioning applications without risking695

the accuracy.696

5 Conclusion697

In this study, a sequential Calibration based on the Ensemble Kalman Filter (C-698

EnKF) is presented, which can be used to localize available ionosphere models in699
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regions of interest using the observations of regional GNSS networks. The numeri-700

cal assessments of this study are performed based on the IRI-2016 model (Bilitza,701

2018) and the IGS network in Europe. The daily GNSS-derived VTEC estimates702

(from 53 IGS stations) are used in the C-EnKF procedure to tune the IRI-2016703

model in Europe, so that the new model is called ‘C-EnKF-IRI’. Observations of704

three other IGS stations (GRAZ, MOSE, and PTBB in Austria, Italy and Ger-705

many, respectively) are used for validations. The analysis and forecasting skills706

of the proposed method are assessed in September 2017. Thereafter, comparisons707

are performed to evaluate the forecasting skills of C-EnKF-IRI in simulating elec-708

tron density (Ne) of Radio Occultation (RO) and the peak frequency in F2 layer709

(foF2) as observed by ionosonde stations, as well as for estimating the ionospheric710

delays between in-situ stations and GPS satellites. These results are compared to711

the mostly used models and products including the original IRI-2016, Klobuchar,712

NeQuick, and hourly IONEX fields.713

The mains findings of this study can be summarized as:714

– The C-EnKF is implemented here by considering 90 ensemble members, while715

integrating 15 minutes of GPS-VTEC estimates into IRI-2016. The new cali-716

brated model (C-EnKF-IRI) provides better VTEC estimates (than the orig-717

inal IRI-2016) especially in days (and at those times of the day) with more718

pronounced ionospheric dynamics.719

– C-EnKF-IRI performs better than the original IRI-2016 in both simulating and720

forecasting VTECs. Numerical results indicate smaller Root Mean Squares of721

Error (RMSE) and Average of Absolute Percentage Deviations (AAPD), as722

well as higher Normalized Root Mean Square Error (NRMSE) and Correlation723

Coefficients (CCs) with the VTEC estimates from dual frequency GPS mea-724

surements compared to the original IRI-2016. The monthly averages of these725

statistical measures in the analysis step of C-EnKF-IRI in September 2017 are726

found to be improved, respectively, from the original values of 2.86 (TECU),727

33.18%, -0.166, and 80.63% to the calibrated values of 1.58 (TECU), 25.67%,728

0.323 and 81.4%, respectively. The C-EnKF-IRI also shows acceptable perfor-729

mance in the forecasting step, where the RMSE (Eq. (29)), AAPD (Eq. (31)),730

NRMSE (Eq. (32)), and CC (Eq. (33)) measures are found to be on average731

1.84 (TECU), 28.42%, 0.187, and 80.93%, while those of the original IRI-2016732

are 2.75 (TECU), 32.00%, -0.155, and 77.74%, respectively.733

– Comparisons between C-EnKF-IRI and original IRI-2016 against the electron734

density and foF2 from RO and Ionosonde measurements demonstrate the735

forecasting skills of C-EnKF-IRI in simulating ionosphere properties (i.e., Ne736

and foF2). In terms of Ne, the average of Relative Differences (RD, Eq. (28))737

improves 38.1% and higher agreements are found in upper ionosphere (height738

> 300km). In addition, the monthly average of RMSEs decreased up to 37.2%739

in the 24 hours prediction of foF2 and between IRI-2016 and C-EnKF-IRI as740

shown by the five ionosonde stations within Europe.741

– Investigations of C-EnKF-IRI and other empirical models to estimate iono-742

spheric delays in SPP applications indicates that the forecasting skill of C-743

EnKF-IRI is close to the 11-days delayed IONEX fields. The differences be-744

tween C-EnKF-IRI and other models (such as IRI-2016, Klobuchar and NeQuick)745

relative to the ionospheric delays from the dual frequency GPS measurements746

are found to be considerably big, especially for days with high solar activity,747
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e.g., on September 4th, 2017, the differences are found to be 0.3239 m, 0.8629748

m, 1.8068 m, and 1.1841 m, respectively. Also, the difference between solutions749

derived from IONEX products and empirical models (i.e., Klobuchar, NeQuick,750

IRI-2016 and C-EnKF-IRI) are computed to be 2.27 m, 4.46 m, 1.32 m and751

0.23 m, respectively. These results essentially represent the effect of the vertical752

component of ionospheric delay on the accuracy of SPP applications.753

– The limitation of this study is that the absence of any priory information for754

model parameters, which might have an impact on the estimation of model755

covariance and the updates. Nevertheless, the selected distributions for per-756

turbing the model parameters and generating the 90 ensembles seems to work757

so that the validation measures confirm our experience.758

This work can be extended by estimating VTECs by combining more GNSS759

constellations from Galileo, GLONASS and BeiDou. Other data sources, e.g., ra-760

dio occultation and satellite altimetry might also be used to improve the spatial761

coverage of the VTEC measurements. The C-EnKF model can be controlled by762

imposing constraints on estimable parameters, which is beneficial to keep the cal-763

ibrated parameters within physically realistic ranges. Furthermore, the impact of764

C-EnKF on the PPP application is implemented and tested in the future. Such765

extensions will be subject to future investigations.766
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(a) Temporal variation of VTEC estimates during 24 hour on September 5th, 2017.

(b) Temporal variation of VTEC estimates during 24 hour on September 22nd, 2017.

Fig. 6: A comparison of temporal variations of VTEC estimates from the NeQuick,
original IRI-2016, C-EnKF-IRI, final product of IONEX and those derived from
dual frequency GNSS measurements. The VTECs of C-EnKF-IRI are computed
in the forecasting phase, i.e., the calibrated parameters of previous day (here on
September 4th and 21st, 2017) are used to forecast the VTEC values of the next
day (here on September 5th and 22nd, 2017).
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Fig. 7: Spatial distribution of improvements in C-EnKF-IRI during September
2017, which is derived during the forecasting phase. The computation of these
measures follows the strategy presented in Fig. (4a).

Fig. 8: Left: the failed electron density profile; Right: the accepted electron density
profile observed by FORMOSAT-3/COSMIC based on the quality control tests
(Lei et al., 2007) and (Yang et al., 2009).
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Fig. 9: The altitude-dependent profiles of Ne retrieved from the COSMIC radio
occultation data, as well as the original IRI-2016, and C-EnKF-IRI. The COSMIC
data are available within the European sector. Figures 9 (a-b) and (c-d) are related
to the days with quite and storm conditions, respectively.
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Fig. 10: Comparisons between foF2 values as measured by five ionosondes and the
forecast of the original IRI-2016, as well as C-EnKF-IRI during September 2017.
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(a) GRAZ station (in Austria)

(b) PTBB station (in Germany)

Fig. 11: Differences between empirical slant ionospheric effects (from IRI-2016,
C-EnKF-IRI, Klobuchar, NeQuick, as well as final product of IONEX fields) and
those derived from processing dual frequency GPS measurements. Comparisons
are performed on September 4st, 2017 (‘a’) with high solar activity F10.7 = 183
sfu and on September 21th, 2017 (‘b’) with low solar activity of F10.7 = 73 sfu.
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Fig. 12: Comparisons between computed position difference in the east, north and
height direction for GRAZ (longitude: 15.493◦E and latitude: 47.067◦N in Austria)
and PTBB (longitude: 10.460◦E and latitude: 52.296◦N in Germany) stations on
4 September 2017. The differences are measured with assumed that SPP solutions
using IONEX product is reference.
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