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[1] Constant monitoring and prediction of Space Weather events require investigation of
the variability of total electron content (TEC), which is an observable feature of
ionosphere using dual-frequency GPS receivers. Due to various physical and/or technical
obstructions, the recordings of GPS receivers may be disrupted resulting in data loss in
TEC estimates. Data recovery is very important for both filling in the data gaps for
constant monitoring of ionosphere and also for spatial and/or temporal prediction of TEC.
Spatial prediction can be obtained using the neighboring stations in a network of a dense
grid. Temporal prediction recovers data using previous days of the GPS station in a less
dense grid. In this study, two novel and robust spatio-temporal interpolation algorithms
are introduced to recover TEC through optimization by using least squares fit to available
data. The two algorithms are applied to a regional GPS network, and for a typical station,

the number of days with full data increased from 68% to 85%.
Citation: Deviren, M. N., F. Arikan, and O. Arikan (2013), Spatio-temporal interpolation of total electron content using a GPS

network, Radio Sci., 48, 302-309, doi:10.1002/rds.20036.

1. Introduction

[2] Ionosphere is a key player in monitoring Space
Weather (SW). The major observable feature of ionosphere
is total electron content (TEC), which is defined as the
line integral of electron density distribution on given ray
path. The variability of TEC directly reflects the variability
in electron density profile, which is a complicated func-
tion of position, height, and time. In recent decades, the
worldwide, dual-frequency GPS receivers provide a cost-
effective means in estimating TEC [Coster et al., 1992;
Komjathy, 1997; Hajj et al., 2000; Nayir et al., 2007]. GPS
receivers can be used in Continuously Operating Reference
Station (CORS) networks to increase the accuracy and reli-
ability for positioning and surveying applications. CORS
network receivers are generally distributed to a large region,
and they can be placed at remote locations [Steigenberger
et al., 2006]. Due to various physical or operational distur-
bances, such as temporary antenna obstructions, power cuts,
remote login problems, and geophysical or geomagnetic dis-
turbances, GPS-TEC can be disrupted for a certain period
during the day or the GPS receiver may cease to operate for a
certain number of days. Services in navigation, positioning,
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surveying, and monitoring of SW require continuous oper-
ation of GPS receivers and uninterrupted TEC estimation
for 24 h. The continuous data sets are used in modeling
of ionosphere, TEC mapping, computerized ionospheric
tomography (CIT), within-the-hour statistical analysis, iono-
spheric earthquake precursor studies, and prediction of SW
events such as those provided in Erturk et al. [2009];
Karatay et al. [2010]; Turel and Arikan, [2010]; and Foster
and Evans [2008]. Thus, it is an important task to interpo-
late the missing TEC values within a day or for a whole
day. ITonosphere is a magnetoplasma; an anisotropic, inho-
mogeneous, time and space variable, and time and space
dispersive channel. Therefore, spatial and temporal corre-
lation structure of ionosphere has to be utilized in any
interpolation scheme. As shown in previous studies such
as [Sayin et al., 2010], the temporal wide-sense stationar-
ity (WSS) period of ionosphere is about 7.5-15 min for
a quiet day. WSS reduces to 5 min for ionospheric con-
ditions including geomagnetic storms and sunrise/sunset
periods. Typical spatial correlation distances roughly corre-
spond to 80 km to 150 km in midlatitude regions [Komjathy,
1997; Karatay et al., 2010; Foster and Evans, 2008]. In
order to complete the TEC data gaps, both the geophysical
structure and the space-time correlation of ionosphere have
to be taken into account [Orus et al., 2005; Herndndez-
Pajares et al., 2006].

[3] Another important problem is the prediction of spatio-
temporal variability in TEC. It may be necessary to estimate
the TEC of a GPS station from its neighbors for 1 day and
then compare it to the station’s own data to observe the spa-
tial differences. Such a study is very useful to predict local
disturbances that affect only a few stations in a dense grid.
The temporal variability over a station can be observed by
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comparing the station’s own data with the predictions from
the previous days of the same station in a less dense grid.
In this study, two different interpolation algorithms that join
spatial and temporal properties of ionosphere are introduced.
Both algorithms can be used for both filling in the TEC data
gaps and prediction of spatio-temporal variability of TEC
over a station. The two algorithms make use of optimiza-
tion by least squares fit to available data. Spatio-temporal
interpolation can be applied for data gaps as short as a few
minutes to 24 h. The algorithms are applied to interpolate in
the missing GPS-TEC values for Turkish National Perma-
nent GPS CORS Network (TNPGN) for the years of 2001 to
2011 with great success. In section 2, the two novel spatio-
temporal interpolation algorithms are provided. In section 3,
the results are presented.

2. The Two Spatio-Temporal Interpolation
Algorithms: STI-TEC1 and STI-TEC2

[4] TEC can be interpreted as the total number of elec-
trons in a cylinder of 1 m? cross-section on a ray path. The
unit of TEC is TECU and 1 TECU is equal to 10'® el/m?. In
this study, TEC values in the direction of local zenith over a
GPS station u, for a day d are denoted by a vector x,.,; as
Xud(Nuea)]” 0]

Xuzd = [xu;d(l) .. xu;a’(n) e

where N, is the number of TEC values for GPS station u
and day d. The superscript 7 is the transpose operator. If
there were no data loss, the number of TEC estimates for
a complete data day would be N. For example, a typical
commercial GPS receiver provides measurement recordings
every 30 s. If TEC estimates are obtained for every 30 s, then
the number of TEC values (without any data loss for that
day) would be N = 2 x 60 x 24 = 2880 samples/day. If the
number of TEC data for 1 day, N,., is less than N, then there
are missing TEC values in x,.4.

[s] The goal is to combine spatial and temporal interpo-
lation in a unique way to compensate for the missing values
of x,.4 either within a day or for a whole day. In the spatial
interpolation part of STI-TEC1 and STI-TEC2, the neigh-
boring GPS stations of the network within the radial distance
of R, of station u are taken into account. In the following
equations, N,z denotes the number of GPS stations in the
neighborhood of station u within a radial distance R,.. In fill-
ing a data gap for station u within a day d, the temporal
interpolation part of STI-TEC1 and STI-TEC2 both make
use of a mathematical function that can be chosen from var-
ious alternatives including, but not limited to, cubic splines
(C-splines) or polynomials [Kahaner et al., 1989]. Let N,
denote the number of missing TEC values in x,.4, such that
if n; denotes the last sample that has a TEC value before the
missing data sequence and n; denotes the first sample after
the missing data sequence, then N, = n; —n; — 1. The tempo-
rally interpolated data vector for the missing values between
the n; and ng can be given as

5\‘u;d;N,, :fp(xu;d(ni), xu;d(ns), ]Vn) (2)

where f, is the temporal interpolation function that gener-
ates N, number of samples for the data gap. Typically a
third-degree polynomial between the end points of x,.4(7;)
and x,.4(n;) can be used and for C-splines, the constraint

extends to the point where both the function and the first and
second derivatives at the end points have to be continuous
[Kahaner et al., 1989]. This constraint guarantees a smooth
interpolated section fitting the data at the end points.

[6] STI-TECI and STI-TEC2 differ from each other in the
spatial interpolation of the data gap as discussed in detail in
the following subsections.

2.1. STI-TEC1

[7]1 In STI-TECI, the spatial interpolation step primarily
takes into account the TEC values of neighbors of station
u depending on the radial distance R, for a number of days
prior and/or posterior of day d. Thus, an estimate of x,,,; for
station u, in the neighborhood of radius R, on day d, X,.4:z,,
can be obtained as

NuRy

Xudir, = Z QiR (V)XydiR, 3

v=1

where «,.4..(v) is the spatial interpolation coefficient for vth
station in the R, neighborhood of station u for day d. N,g,
is defined as the number of stations that will be used in the
interpolation of TEC that are in the neighborhood of radius
R, of station u. X,.4.z denotes the TEC vector for station v
and day d in the neighborhood of radius R,. The spatial inter-
polation coefficient a,.sz,(v) can be obtained by solving the
following minimization problem:

2

ds Nur,

Xusdy — Z i, (V)Xy:d, R,

v=1

min
iR (V) dr=

“)

d; 5

for the total number of days N, _, from day d; to day d;
prior to the day d. It is assumed that neighboring stations v
have complete temporal data for N, number of days. | - ||
denotes the £, norm corresponding to the metric distance
between two vectors. The minimization in equation (4) can
be obtained in closed form and the interpolation coefficients
can be obtained as

ds T
Xydir, Z Xtid,,;R,Xu;dn;Rr Z hll;du;Rr (5)

dn=d; dp=d;

where @, denotes the optimized interpolation coefficient
vector for station u, day d and in the neighborhood R,, and it
is given as

Xy dir, = [au;d;R,~(1) s Olu;d;R,»(V) s au;d;Rr(Nu,Rr)]T (6)

X,4,:x, 10 equation (5) is the matrix whose columns are TEC
vectors from neighboring stations for day d,. Specifically,
X.:.d,:r. can be expressed as

Xusdyir, = [Xl;dn;Rr s XvdyRe oo XNypoid, ;R,] (7N

and the vector b4 .z in equation (5) is given as
—vTr
bua,r, = Xig,:r, Xusd, - (3)

[8] The temporal interpolation of missing TEC values can
be obtained using equation (2). Then,the separate tempo-
rally and spatially interpolated data from equation (2) and
equation (3) can be combined with smoothing function that
favors the temporal interpolation at the end points and spatial
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Figure 1. Distribution of TNPGN (asterisk) and TNPGN-Active (dots) GNSS CORS receiver station
network. The circles indicate the stations that have been used in the manuscript.

interpolation in between. The joint spatio-temporal interpo-
lation, STI-TECI, can thus be achieved using a combiner
matrix G as shown below

ﬁu;d;c = G’A‘u;d;RV + (I - G)’}u;d;N,7 (9)

where X, is the joint spatio-temporal interpolated TEC
vector; I is the identity matrix, and the combiner diago-
nal matrix G can be chosen as a solution to the following
minimization problem:

ds
min Y [%ia, ~fuayee 3
dp=d;

(10)

The combiner diagonal matrix G can be expressed as
G = diag(gi, ..., --,&n,), Where diag(-) is the diagonal
matrix operator. The minimization in equation (10) can be
rewritten in a simplified form as

ds Ny
: 2 A 2
i3S L, (0~ Zekia, (0~ (1~ @0 (OF (11
dp=d; k=1
The optimal g, can be found independent of each other as
the minimizer of the following equation:

d:
min Y [t ()~ Fuea, o, (0 — 8k (Rusay i, (0) — Fuca,ov, (0) | (12)

k
8k dyd:

The solution can be obtained as follows:
 Yia, G, (0 = Ry, (0) (v, (K) = s, ()
S Guadyir, (0 Ry, ()

In a GPS network, where many operational faults occur, it
is difficult to find a number of consecutive days with full
TEC estimates between days d; to d; for both station d and
its neighboring stations in a radius of R,. In most cases, |
day before the day of interest and one neighbor in a radius of
R, are the available data sources. Therefore, in cases where
there is highly sparse data in space and time, equation (13)
can be rewritten using an alternate combiner function as

(13)

8k

e BED 4 o BN
1+ e BMD

gr=1- (14)

where 8 can take values between 0 and 1, where 8 = 0
corresponds to only temporal interpolation.

2.2. STI-TEC2

[o] An alternate spatio-temporal interpolation, STI-
TEC2, can be performed by giving more weight to temporal
data of the station u. In filling the data gaps with STI-TEC2,
the spatial interpolation from the neighbors are used only as
a multiplying factor that guarantees the spatial homogeneity
in ionosphere. Thus, the first step of STI-TEC2 takes into
account the TEC data of station u 1 day before and 1 day
after the missing day d as the primary interpolator. An esti-
mate of x4 for station u, day d from x,.,1 and X,.z+1, X0,
can be obtained as

d+1

Xud = E Yud, Xuzd,

dp=d-1
dyFd

(15)
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Figure 2. Application of STI-TEC1 with equation (5)
(dashed line), and STI-TEC2 (dotted line) to 24 h gap of
geme on 30 March 2011, using akdg (dash-dotted line) as a
neighboring station. The original IONOLAB-TEC estimate
for geme on 30 March 2011 is given with a solid line.
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Table 1. Mean and Standard Deviation for Gaussian Distribu-
tion of oy 4:x,

Neighbor Distance to Station u o Gu

0-80 km 0.859978 0.015186
80-100 km 0.859972 0.016062
100-120 km 0.859981 0.017308
120-150 km 0.859974 0.020952

where «,,, is the temporal interpolation coefficient for
d,th day of station u. The temporal interpolation coeffi-
cient o4, (v) can be obtained by solving the following
minimization problem:

d+1 d+1
amin Xu;d, — Z Qyzd, Xvyd, ( 1 6)
S g=d1 dy—d-1
dp7d dn7d 2

It is assumed that station # has complete temporal data for
days d—1 and d + 1. The minimization in equation (16) can
be obtained in closed form as

-1

d+1 d+1
— T
gu;d - Z Xu;d,, Xll;dn Z bu;dn ( 1 7)
dy=d-1 dy=d-1
dn~d dpFd

where ¢, , denotes the optimized coefficient vector for
station u, day d, and it can be given as

(18)

The data matrix of station u, X,.4,, excludes the data of sta-
tion u for day d, and it can be obtained from days d — 1 and
d+1as

_ T
Xyg = [Qua1 Qua+]

Xu;d,, = [Xu;d—l Xu;dH] (19)
and

bia, = X1y Xucd, - (20)
When the above minimization problem is solved for one

station u and 1 day d, equation (18) becomes

a,,=[1/2 121" 1)

Although the coefficients in equation (21) produce a reason-
able temporal interpolation for quiet midlatitude ionosphere,
it cannot represent significant diurnal variations due to iono-
spheric disturbances. In order to include the daily variability,
the spatial modifications can be included using the GPS sta-
tions in the neighborhood of u within a radial distance R,.
Equation (15) can be modified to

d+1

X = Z Tdidy Qusdy Xuusd, (22)
dy=d-1
dnFd
where
1 NuRr, 3
wd
Fag, = —— Y —2%. (23)
s“n
Nug, T Xvd,

In equation (23), the overline denotes the mean of TEC val-
ues for station v and day d or d,,. The ratio factor in equation
(23) introduces a correction for ionospheric variability from
the neighbors of station u.

[10] For the temporal interpolation of a data gap for sta-
tion u# within the day d, the interpolation in equation (2)
can be used. The separate temporally and spatio-temporally
interpolated data in equations (2) and (22) can be combined
with smoothing function as shown below

ﬁu;d;t = Gtﬁu;d +({- Gt)ﬁu;d;N,, (24)
where X, is the joint spatio-temporal interpolated TEC
vector, and I is the identity matrix. The diagonal elements
of the combiner matrix Gy, g.t, can be chosen similar to the
combiner in equation (14) as

e BU) 4 BN )

[+ e B0 (25)

gk =1-

[11] The developed techniques of STI-TECI1 and STI-

TEC2 are applied to interpolate the missing data sections of
TNPGN as discussed in detail in the following section.

3. Results

[12] In this study, novel STI-TEC1 and STI-TEC2 inter-
polation methods are applied to TNPGN and TNPGN-
Active Continuously Operating Receiver Station (CORS)
networks. TNPGN consists of 23 stations, some perma-
nent and some mobile, that operated between 2001 to 2008.
TNPGN-Active is made up of 146 CORS GNSS stations dis-
tributed uniformly across Turkey and North Cyprus Turkish
Republic since May 2009. The receiver stations are indicated
in Figure 1 for both TNPGN and TNPGN-Active network.

[13] The GPS-TEC values are estimated as IONOLAB-
TEC (www.ionolab.org) based on Reg-Est algorithm and
IONOLAB-BIAS as given in Nayir et al. [2007] and
Arikan et al. [2004, 2008]. Cycle slip faults and very short
duration gaps in pseudorange and phase delay due
to momentary antenna obstructions are corrected in
IONOLAB-TEC preprocessing algorithm [Sezen and
Arikan, 2012]. If IONOLAB-TEC gaps are less than 15 min
and TEC difference between gap ends is less than 3 TECU,
equation (2) is used with C-spline interpolation. Both STI-
TEC1 and STI-TEC2 are used to fill the TEC gaps whose
duration is longer than 15 min and/or whose TEC difference
between gap ends is more than 3 TECU.

[14] In TNPGN-Active, for a typical station, the percent-
age of days that have full TEC data without any gaps is
68. For some remote stations, this number can get as low
as 37%. STI-TEC1 and STI-TEC2 are both applied to all
TNPGN-Active stations and the Marmara Region permanent
CORS stations of TNPGN separately. With STI-TECI, on
the average, the number of days with full data increased from
68% to 82%. For example, in 2009, the data increase for anrk
station is 17%; For fasa station, the increase is 12%; and for
tnce station, the increase in data is 25%. In extreme cases,
in 2011, snop station has 311 days with full data, and the
number of days of complete data increased only by 0.8% to
314 days after the application of STI-TEC1 algorithm.
On the other hand, in 2011, vaan station has 64 com-
plete data days and with STI-TECI1, the number of days
that have complete data is 314 with 68% increase. Simi-
larly, using STI-TEC2 interpolation algorithm, the number
of days that have full data improved from 68% to 75% for a
typical station.

305



DEVIREN ET AL.: SPATIO-TEMPORAL INTERPOLATION OF TEC

IONOLAB-TEC tubi

= = = STI-TEC1 with Eq. (13)
17 S STI-TEC1 with Eq. (14)
‘‘‘‘‘ IONOLAB-TEC ucg2

25 3 3.5 4 4.5 5 5.5
Hour (UT)

IONOLAB-TEC geme
= = = STI-TEC1 with Eq. (13)
st | STI-TEC1 with Eq. (14)
‘‘‘‘‘ IONOLAB-TEC akdg

0 2 4 6 8 10 12
c) Hour (UT)

23
22
=)
O 21
i}
=
O
b 20
|_
IONOLAB-TEC midy
19 X4 = = = STI-TEC1 with Eq. (13)
A EERERRY STI-TEC1 with Eq. (14)
gl == IONOLAB-TEC btmn
6.5 7 7.5 8 8.5 9 9.5
Hour (UT
b) ()
16

TEC (TECU)
> ©

(o)

IONOLAB-TEC bcak
= = = STI-TEC1 with Eq. (13)
“““““ STI-TEC1 with Eq. (14)
‘‘‘‘‘ IONOLAB-TEC anta
0 5 10 15 20

Hour (UT)

Figure 3. Application of STI-TEC1 with equation (13) (dashed line) and equation (14) (dotted line)
(a) 15 min data gap of tubi on 31 March 2001, (b) 2 h data gap of midy on 6 August 2011, (¢) 10 h data
gap of geme on 31 March 2011, (d) 20 h data gap of bcak on 21 June 2006. The arrows indicate the initial
and final samples for interpolation. The original IONOLAB-TEC estimates in each subplot are given in
solid line, and neighbors are indicated with dash dotted line.

[15] The performance of STI-TEC algorithms are
measured using Symmetric Kullback-Leibler Distances,
esi(u;d; N,), and normalized £, norms, ey;(u;d;N,), as
follows

NEFQ
esi(u;d;N,) =y [ L In (

n=1 Xu;dsi

i Xu:d:N, (1) In (xu;d;Nn (M)/XyaiN, )i| (26)

)’eu;d;i(n)/ﬁu;d;i )

Xusan, (M) Xusay,

iu;d;N,, )Acu;d;i(n)/§u;d;i
and .
X, —X,, 77
eni(uzd; Ny) = M Q@7
“Xu;d;Nn ”

for station u, day d, and gap of N, samples. i can be ¢ for
STI-TECI or ¢ for STI-TEC2. Both algorithms are tested
on 23 stations between 2001 and 2008, and on 146 stations
for 2009 to 2011. When both algorithms are tested for inter-
polations for different temporal gaps, different ionospheric
states, and with different neighbors within 150 km, it is
observed that TEC can be robustly and successfully esti-
mated using one neighboring station and using (4 — 1)th day
using equation (3).

[16] An example for applications of STI-TEC1 and STI-
TEC2 for a 24 h data gap is provided in Figure 2 for
station geme (Gemerek, Sivas, Turkey) located at [39.18°N,
36.08°E] on a quiet day of 30 March 2011. The neighboring

station is chosen as akdg (Akdagmadeni, Sivas, Turkey) at
[39.66°N, 35.87°E]. The distance between geme and akdg is
56 km, and they are both in TNPGN-Active. geme and akdg
stations are indicated in Figure 1 with circles. In applica-
tion of STI-TEC1 for a 24 h gap, the temporal interpolation
combiner is not used. STI-TECI is implemented only with
equation (3) in this case. The interpolation coefficients o4z,
in equation (5) are computed using akdg on 29 March 2011.
In Figure 2, the STI-TECI interpolation with equation (5) is
given with a dashed line. For this case, es. = 1.14 x 107,
and ey, = 1.4 x 1072, The application of STI-TEC2 as an
interpolator for 24 h gap for geme on 30 March 2011 is also
provided in Figure 2 with a dotted line. For this case, akdg
station is used as the neighbor. The interpolation coefficients
are computed using 29 March 2011 and 31 March 2011, 1
day prior and 1 day after the interpolation day. The SKLD
and L2 norm for STI-TEC2 application are es, = 1.8 x 107
and ey, = 5.6 x 1072, As it can be observed from Figure 2, on
a quiet day of ionosphere, the STI-TEC1 with only equation
(5) can be used with high reliability. STI-TEC2 is also a good
performer on a quiet day and it can interpolate whole 24 h
with reasonable accuracy.

[17] STI-TEC1 interpolation is applied to all TNPGN-
Active stations using one neighbor and one prior day in the
interpolation equation (3). All estimated ..z, values within
a year are grouped with respect to the distance to the neigh-
boring station as 0—-80 km, 80—100 km, 100—120 km, and
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Figure 4. Application of STI-TEC2 in equation (24) with equation (25) (dotted line), (a) 15 min data
gap of bcak on 21 June 2006, (b) 2 h data gap of midy on 6 August 2011, (c) 10 h data gap of tubi on
31 March 2001, (d) 20 h data gap of geme on 30 March 2011. The arrows indicate the initial and final
samples for interpolation. The original IONOLAB-TEC estimates in each subplot are given in solid line,

and neighbors are indicated with dash dotted line.

120-150 km. A histogram is drawn for each radius category,
and it is observed that the interpolation coefficient o,.4.z. has
a Gaussian distribution with mean, [, and standard devia-
tion, 6. The parameters of normal distribution are obtained
in the maximum likelihood sense from the data. The param-
eters fiq and G, for the years of 2010 and 2011 combined
are provided in Table 1. As it is observed from Table 1,
the distance of neighboring station within 150 km does not
affect the mean of the distribution, yet the standard deviation
increases slightly as the distance of the neighbor increases.
For neighboring stations that are farther than 150 km radius
of station u, the ionospheric correlation decreases. Thus, the
STI-TECI interpolation is not applied for neighbors which
are more than 150 km apart. In Turel and Arikan [2010], it
is stated that for GPS stations that are located in midlatitude

that have no more than +5° latitude difference from each
other, the within-the-hour probability density functions of
TEC are very similar. Thus, it might be expected that the
values in Table 1 can be used for any GPS network located
in any midlatitude region to interpolate TEC values from
neighboring stations. For the case of a single GPS station,
nearest Global Ionospheric Map (GIM) grid point values can
be utilized (ftp://igs.ensg.ign.fr/pub/igs/iono).

[18] In section 2.1, two possible combiner coefficients
for spatio-temporal interpolation are proposed in equations
(13) and (14) to be used in equation (9). In Figure 3, the
performance of these two possible combiners is presented
for 15 min, 2 h, 10 h, and 20 h gaps, for various iono-
spheric conditions. In each subplot, the solid line indicates
the original IONOLAB-TEC estimate for each station and

Table 2. es;(u; d; N,) and ey;(u; d; N,) Values for the Interpolations Provided in
Figures 3 and 4 for Stations and Dates Given in the Subfigures

15 min 2h 10h 20h
es.(u;d; N,) with (13)  1.22x 10°  3.05x10°  1.07x10°  574x 107
es.(u;d; N,) with (14) 240 x 102 837x10°  4.09x10° 973 x 10+
es(u;d; N,) with 25) 311 x10° 750 x 10° 690 x 10°  1.70 x 1073
en-(u;d; N,) with (13)  1.70 X 107 440 x 102 440x 10°  3.86x 1072
enc(u;d; N,) with (14) 259 x 10°  480x 102  7.70x 107  4.12x 1072
en(u;d; N,) with 25) 290 x 1073 126 x 102 10.82x 102 558 x 1072
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for each day. STI-TECI1 using equation (9) with equation
(13) is given with dashed line. STI-TEC1 using equation
(9) with equation (14) is given with dotted line. The arrows
indicate the beginning and end points of interpolation. In
Figure 3a, 15 min data gap of station tubi is interpolated
using the neighboring station ucg2 (44 km away from tubi),
on 31 March 2001, during which there is a negative distur-
bance in ionosphere in a solar maximum year. In Figure 3b,
2 h data gap of station midy is interpolated using the neigh-
boring station btmn (53 km away from midy), on 6 August
2011, a severe ionospheric storm day. The year 2011 is in the
ascending phase of solar cycle 24. In Figure 3¢, 10 h data gap
of station geme is interpolated using the neighboring station
akdg (56 km away from geme), on 31 March 2011, a quiet
day. In Figure 3d, 20 h data gap of station bcak is interpo-
lated using the neighboring station anta (56 km away from
bcak), on 21 June 2006, summer solstice day for the northern
hemisphere in a solar minimum year. All mentioned stations
are indicated in Figure 1 with circles. tubi, ucg2, bcak, and
anta are TNPGN stations and geme, akdg, midy, and btmn
are TNPGN-Active stations. It is observed from Figure 3 that
STI-TECI performs very well as a spatio-temporal interpo-
lator with various length data gaps and on both quiet and
disturbed days of ionosphere. When equations (13) and (14)
in equation (9) are compared with each other, the computa-
tion of STI-TEC1 with equation (14) as a combiner works
without a demand on data of the station for previous days. In
all of these examples in Figure 3, 8 is chosen as 0.35.

[19] Anexample for application of STI-TEC2 in equation
(24) using equation (25) is provided in Figure 4 for 15 min, 2
h, 10 h and 20 h gaps, for various ionospheric conditions. In
each subplot, the solid line indicates the original IONOLAB-
TEC estimate for each station and for each day. STI-TEC2
using equation (24) with equation (25) is given with a dot-
ted line. The arrows indicate the beginning and end points of
interpolation. In Figure 4a, 15 min data gap of station bcak
is interpolated using the neighboring station anta, on 21 June
2006, summer solstice day. In Figure 4b, 2 h data gap of sta-
tion midy is interpolated using the neighboring station btmn,
on 6 August 2011, a severe ionospheric storm day. In Figure
4c, 10 h data gap of station tubi is interpolated using the
neighboring station ucg2, on 31 March 2001, where there is
a negative disturbance in ionosphere. In Figure 4d, 20 h data
gap of station geme is interpolated using the neighboring
station akdg, on 30 March 2011, a quiet day. In all of these
examples in Figure 4, 8 value in the combiner equation (25)
is chosen as 0.35.

[20] The eg;(u; d; N,) and ey;(u; d; N,,) values for the inter-
polations provided in subplots of Figures 3 and 4 are given
in Table 2. It is observed that both STI-TEC1 and STI-TEC2
are very successful in interpolation of gaps with different
sizes with both error norms for quiet days of ionosphere.
For disturbed days of ionosphere and with data gaps that are
longer than 6 h, STI-TEC1 must be preferred.

4. Conclusion

[21] Two novel spatio-temporal interpolation algorithms
are developed both to fill in the data gaps and to predict
spatio-temporal variability of TEC in GPS networks. The
algorithms make use of optimization of spatial and tempo-
ral correlation of ionosphere by least squares fit to available

data. The two algorithms, STI-TEC1 and STI-TEC2, are
applied separately to TNPGN between 2001 and 2008 and
TNPGN-Active between 2009 and 2011. The missing TEC
data for durations longer than 15 min to 24 h are interpolated
using both neighboring station TEC values. In the compu-
tation of interpolation coefficients and combiners, the data
of previous day and 1 day after the interpolation day are
utilized. With the application of STI-TECI, the days with
complete data increased from 68% to 85%. With STI-TEC2,
the rate of increase is from a typical 62% to 75%. The algo-
rithms are tested using Symmetric Kullback-Leibler distance
and normalized £, norm. With both norms, it is observed
that the interpolated data agrees with the original data of the
station with great success for any gap length from a few min-
utes to 24 h. STI-TECI can be used with any data gap length
and for any ionospheric condition. The interpolation error of
STI-TEC2 increases for gaps longer than 6 h for disturbed
days of the ionosphere. The algorithms can be applied to any
GPS regional network data in midlatitude regions using the
TEC data from neighboring stations within 150 km radius.
The spatio-temporal coefficients can be obtained by gener-
ating random numbers from a Gaussian distribution whose
mean and standard deviations are provided in this study. For
single stations that are not located in a network, closest GIM
grid point can be substituted to fill in the TEC gaps using the
same distribution.
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