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Abstract Most of the space-geodetic observation tech-
niques can be used for modeling the distribution of free
electrons in the Earth’s ionosphere. By combining different
techniques one can take advantage of their different spatial
and temporal distributions as well as their different observa-
tion characteristics and sensitivities concerning ionospheric
parameter estimation. The present publication introduces a
procedure for multi-dimensional ionospheric modeling. The
model consists of a given reference part and an unknown
correction part expanded in terms of B-spline functions. This
approach is used to compute regional models of Vertical Total
Electron Content (VTEC) based on the International Ref-
erence lonosphere (IRI 2007) and GPS observations from
terrestrial Global Navigation Satellite System (GNSS) refer-
ence stations, radio occultation data from Low Earth Orbit-
ers (LEOs), dual-frequency radar altimetry measurements,
and data obtained by Very Long Baseline Interferometry
(VLBI). The approach overcomes deficiencies in the climato-
logical IRI model and reaches the same level of accuracy than
GNSS-based VTEC maps from IGS. In areas without
GNSS observations (e.g., over the oceans) radio occul-
tations and altimetry provide valuable measurements and
further improve the VTEC maps. Moreover, the approach
supplies information on the offsets between different obser-
vation techniques as well as on their different sensitivity
for ionosphere modeling. Altogether, the present procedure
helps to derive improved ionospheric corrections (e.g., for
one-frequency radar altimeters) and at the same time it
improves our knowledge on the Earth’s ionosphere.
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1 Introduction

Nowadays, most of the existing ionosphere models used in
geodesy are based on terrestrial GNSS measurements. As
the distribution of permanent GNSS reference stations is
not globally uniform, the uncertainty of these models is also
inconsistent all over the world. Regions covered by more ref-
erence stations can be described more precisely than others.
In ocean areas where only some single stations are located
on islands the data coverage is worst. However, these are
the regions where dual-frequency satellite altimeters provide
ionospheric data. In addition, GPS occultation measurements
from Low Earth Orbiters can be used, which are available
over continents as well as over oceans. A combination of
the different measurement types will provide a higher and
more consistent accuracy for VTEC maps than each mea-
surement technique on its own as already shown by Todorova
et al. (2007). Due to their diversity in frequencies and fre-
quency separations each system shows a different sensitivity
to ionospheric parameters. In the work presented here, four
observation types (terrestrial GPS, space-based GPS, altime-
try, and VLBI) are combined into one regional three-dimen-
sional VTEC model. In a preprocessing step all observations
are converted to VTEC up to one constant height. These val-
ues are then combined in one joint adjustment taking into
account systematic offsets between the observation groups
as well as their different accuracy levels.

The paper consists of five parts. Firstly, the general model
approach is introduced followed by a description of the mea-
surements used as input data (Sect. 3) and the concept for
data combination (Sect. 4). Finally, the VTEC model results
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are presented (Sect. 5) and validated against other models
(Sect. 6).

2 Multi-dimensional model approach

At the German Geodetic Research Institute (DGFI) a multi-
dimensional model approach has been developed and pub-
lished based on trigonometric and/or polynomial splines
together with their tensor products, see e.g., Schmidt (2007)
and Schmidt et al. (2008). As will be discussed in the follow-
ing these base functions are compactly supported; thus, they
have some advantages compared to spherical base functions,
mainly for regional modeling but also for global models in
case of unevenly distributed input observations and data gaps.
Moreover, these base functions provide the possibility of a
multi-resolution representation (Zeilhofer 2008).

The approach can be used for regional and global mod-
eling of different ionospheric parameters. In this paper, the
focus lies on the three-dimensional regional modeling of the
VTEC depending on horizontal position ¢, A and on time
t. The unknown VTEC is separated into a reference part
VTECef taken from IRI 2007 (Bilitza and Reinisch 2008) and
acorrection part AVTEC which is modeled by a series expan-
sion in tensor products of three systems of 1-D normalized
endpoint-interpolating B-splines @,{ (x) with x € {p, A, 1}
and unknown coefficients dy, i, ;. The basic observation
equation reads

VTEC(p, A, t) = VT ECref(p, A, 1)
+AVTEC(@, A, 1) 1

with

AVTEC(g, 1, 1)
Ki—1Kr,—1K3—1

=D D0 2 Ak ¥ @O WD (). )

k1=0 k=0 k3=0

Each 1-D basis function system consists of K = 27 + 2 sin-
gle B-spline functions CD,{ (x) equally distributed on the unit
interval as illustrated in Fig. 1 for J/ = 4 (K = 18). The num-
ber K of the functions depends on the level J of the spline.
The corresponding recursive equation for the computation of
<I>,{ (x) is presented e.g., in Schmidt (2007). In the 1-D/2-D
case the functions can be interpreted as peaks or caps whose
number and sharpness increase with level J. As the obser-
vations will not be given in the unit-intervals in which the
B-splines are defined a transformation from [@min, @max] X
[Amins Amax] X [fmin, fmax] to [0, 1] x [0, 1] x [0, 1] has to be
done.

For the 3-D regional modeling in this paper levels J; = 4
for latitude, J, = 3 for longitude, and J3 = 5 for the time are
introduced, resulting in 18, 10 resp. 32 functions per dimen-
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Fig. 1 The 18 1-D quadratic endpoint-interpolating B-spline functions
oflevel / = 4. Each function is compactly supported, i.e. different from
zero just in a finite interval which is illustrated by highlighting the sixth
function in red color

sion and 6,120 unknown coefficients altogether. Therewith,
for 1 day and an area of interest of 90° x 90° a spatial reso-
lution of about 5° resp. 9° and a temporal resolution of about
40 min can be reached.

It is worth to be noticed that in contrast to many other
approaches, a geographical coordinate system is used instead
of a Sun-fixed one, e.g., (Dettmering 2003), or one based
on modip latitude (Azpilicueta et al. 2006). This forces
the parameterization of the time dependency but avoids the
neglect of variations with local time.

The unknown coefficients dy; i, k, together with their for-
mal errors are estimated within an adjustment process. Since
each unknown coefficient is related to one 3-D compactly

supported B-spline product <I>,{1 (go)cbg ) CID,{: (t) centered

at point P (k1, k2, k3) an unevenlly distributed set of observa-
tions may cause an ill-conditioned or even singular normal
equation system. To solve this problem the reference model
is used as prior information, i.e. expectation values u of the
non-supported coefficients are introduced.

The unknown coefficients may be collected in one vector
x and estimated within a Gauss—Markov model with func-

tional part

Ax=1+e (3)
and stochastic part

s()y=osP! “

where the observation vector / includes the AVTEC val-
ues, the design matrix A includes the inherent linear splines
and the vector e represents the errors of the observations.
The stochastic model is defined by the covariance matrix
of the observations X (/) composing of the weight matrix P
and the unknown variance factor og. In case of a matrix A
with full column rank the problem could be solved by

x=ATPA . (AT P). (3)
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As different groups i € {1, ..., p} of observations should be
combined, p observation vectors /;, design matrices A; and
weight matrices P; exist. In addition, a reference model is
introduced as prior information to overcome rank deficien-
cies of the normal equation system which occur if coeffi-
cients are not supported by measurements. Approximations
for the unsupported coefficients are put in vector u, with
weight matrix P,. Moreover, different accuracy levels of the
observation groups (with ¢;) and the prior information (with
oy) are considered. Altogether this leads to the following
extended normal equation system (Zeilhofer 2008):

S R 1 S R
Z?A,. PiA; + 0—pr x = Z?A,. Pil;

i= i i=1 i

+ iz Prpiy. (6)
UX

The different variance factors o> and o' are estimated within
a Variance Component Estimation (VCE). In addition, for
each observation group one constant offset is introduced in
the model to allow for systematic differences between the
data sets. More details on the combination strategy are given
in Sect. 4.

3 Input data

Measurements of four space-geodetic techniques (terrestrial
GPS, space-based GPS, altimetry, and VLBI) are used. VTEC
observations are computed separately for each observation
technique within a preprocessing procedure. All data sets
are reduced by the corresponding reference values VTECiet
to derive AVTEC values which serve as the input for the
estimation of the unknown model coefficients. As refer-
ence model the International Reference lonosphere IRT 2007
(Bilitza and Reinisch 2008) is used with standard input
parameters. The distribution of all data used within this study
is shown in Fig. 2. In addition to the reduced geodetic obser-
vations, zero-coefficients for the non-supported areas are
introduced as prior information in order to overcome rank
deficiencies of the normal equation system. In these areas
the reference model will remain unchanged.

To assure a consistent combination of all data groups,
only VTEC up to a height of 2,000km is accounted for,
meaning that the plasmaspheric electron content has been
reduced in the preprocessing and is not part of the model.
For the reduction, resp. extrapolation from the different orbit
heights to 2,000 km a fraction approach based on IRI values
is employed, developed by JPL to correct altimetry VTEC
with GPS Global Ionospheric Maps (GIM), see lijima et al.
(1999) for more details. In case the model is employed
to correct data from orbit heights other than 2,000km
(e.g., GPS data) the same approach or an additional plasma-
spheric model should be used.

latitude [degree]

* % i P i i LA

-60 i i
-110 -100 -90 -80 -70 -60 -50 -40 -30 -20

longitude[degree]

Fig. 2 Areaunder investigation and distribution of VTEC data for 24 h
on 2007-05-03. The bluelgreen crosses indicate the position of altim-
eter measurements from Jason-1/Envisat. Red and magenta plus signs
show the location of radio occultation profiles from COSMIC, respec-
tively, CHAMP. GPS measurements together with reference stations are
plotted in gray and the two VLBI stations marked in cyan

Table 1 Summary of input data for 24 h at 2007-05-03

Group no. No. of data Time spacing
Jason-1 1 128 30s
Envisat 2 118 30s
COSMIC 3 318 irregular
CHAMP 4 19 irregular
VLBI 5-6 47 (2 stations) 1h
GPS 7-104 19,249 (98 stat.) lh

In the following, the input data will be presented together
with the most important preprocessing steps. All data used
in this study are measured on May 3 in 2007. All investi-
gations are focused on a region of 90° x 90° in the area of
South America between —60° and +30° latitude and —110°
to —20° longitude. To reduce the data amount and to ensure
uncorrelated measurements (as no correlations between the
observations will be introduced in the stochastic model) not
all measurements are used within the parameter estimation
but a data thinning is done for terrestrial GPS and altimetry
data. The group definition is done per observation technique
and mission/station (Jason-1, Envisat, COSMIC, CHAMP,
two VLBI stations, and each GPS reference station). An over-
view on the used data is given in Table 1.

3.1 Terrestrial GPS
Terrestrial GPS data measured by the permanent refer-

ence stations of network SIRGAS-CON are used. More
information on SIRGAS can be found in Sdnchez and Brunini
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(2009). For the day of investigation in May 2007 there are
approximately 100 stations available which provide mea-
surements to about 4-8 satellites with a sampling interval
of 30s.

For each receiver—satellite link code-leveled phase obser-
vations (Wilson and Mannucci 1994) are extracted and Slant
Total Electron Content (STEC) is computed from the dif-
ference of the measurement at the two frequencies for all
observations with zenith angle z < 85° (elevation ¢ > 5°).
The necessary formulae can be extracted e.g., from Dettmer-
ing (2003). In the next step STEC is converted to VTEC
using the zenith angle z’ from each observation at the ion-
ospheric pierce point (intersection between signal path and
shell height of ionospheric layer of the single-layer model).
For this procedure, the modified single layer mapping func-
tion mf (MSLM) from Center for Orbit Determination in
Bern (CODE) is used with H =506.7 km, o =0.9782, and
R =6, 371 km (Hugentobler et al. 2002):

with sinz’ =
cosz’/ R+ H

mf(z) = sin(a - 7). @)

The GPS ionospheric observations always contain Differ-
ential Code Biases (DCB) in addition to the VTEC infor-
mation due to different delays of the two signals within
satellites as well as receivers. To account for these hardware
offsets the DCBs have to be considered in the preprocess-
ing. For satellite DCBs the values provided by IGS (Dow
et al. 2009) are used. However, not for all SIRGAS stations
receiver DCBs are available (only for IGS stations). Alter-
natively, own values are computed from a calibration with
regard to IRI 2007. A comparison between these and IGS
DCBs for the South American IGS stations shows an aver-
age agreement of 0.25 ns with variations of 1.6ns (1o) at the
given day. For some stations the differences reach up to 4 ns
(respectively, 11 TECU). These large values result from an
inaccurate IRI model but are not relevant for the VTEC mod-
eling as long as a constant offset for each station is defined
within the model (see Sect. 4). Nevertheless, in future work
it is intended to estimate own DCBs.

3.2 Altimetry

As only a few of the available satellite radar altimeters pro-
vide measurements at more than one frequency, the data
source is limited to the following missions: TOPEX, Envi-
sat (only till end of 2007) and Jason-1/2. For each of these
missions 1 Hz data are available on fixed profiles with a rep-
etition rate of 10 days for TOPEX and Jason, and 35 days
for Envisat, leading to track separations at the equator of
315km (TOPEX, Jason), respectively 80km (Envisat). For
May 2007, only data from Jason-1 and Envisat could be
used because these are the only active missions in this time
interval.
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Satellite radar altimeters directly measure the vertical dis-
tance between the orbit and the ocean surface. Thus, the ion-
ospheric delay djo, from measurements at two frequencies
can easily be computed. VTEC below the satellite is pro-
portional to this delay using Eq. (8). This approximation is
valid for frequencies f higher than 1 GHz (Langley 1998).
No mapping function is necessary.

2

f_ ' dion
40.3

As the 1 Hz observations are quite noisy a smoothing and
thinning of the data is advantageous. For this purpose, a sim-
ple median filter with a length of 20 s (respectively, about
120km) has been applied as recommended by Picot et al.
(2008). At last, an extrapolation of the data from orbit height
to 2,000 km is necessary in order to adapt them to the other
data types. As for all other data types this is done following
Iijima et al. (1999).

VIEC = STEC = — ®)

3.3 Space-based GPS

GPS Radio Occultation measurements on Low Earth Orbit-
ers (LEOs) have two advantages compared with terrestrial
GPS data. First, they are globally distributed and not limited
to continental regions and second, they provide new mea-
surement geometry probing the ionosphere on nearly hori-
zontal links. In contrast to terrestrial GPS not only STEC
data are provided but also vertical profiles of electron den-
sity and thereby the possibility to model the ionosphere in
four dimensions (¢, A, &, and ) (Hajj et al. 1994). How-
ever, in the following only the VTEC data computed from
the vertical profiles are used.

Actually, there are several LEOs with occultation anten-
nae available. For the following investigations data from the
six satellites of the COSMIC/FORMOSAT-3 constellation
(Fong et al. 2009) are used. This system provides about 2,000
globally distributed observations per day. In addition data
from CHAMP satellite (Jakowski et al. 2002) are included.
Integrated VTEC from the electron density profiles are avail-
able from UCAR/CDAAC.

Only the data from occultation antennae are used and the
height extrapolation to 2,000 km is done identical to the other
techniques. Comparisons between COSMIC topside VTEC
from POD antenna and IRI fractional approach used to do
the height adaption show a general agreement better than 1
TECU (mean VTEC differences between LEO orbit height
and GPS orbit height).

3.4 Very Long Baseline Interferometry (VLBI)
VLBI is a differential technique measuring around two cen-

ter frequencies at X-band and S-band. In contrast to the
other observation techniques single-difference group delays
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from signals arriving at two or more VLBI telescopes are
measured. The ionospheric delay is given in the VLBI obser-
vation file provided by the IVS (Schliiter and Behrend 2007).
It is proportional to the difference of the integral over the
electron density along the signal path (STEC] ,) at the two
observation sites 1,2 and includes a differential ionospheric
offset:

40.3
ion — fxz
+ doffsetZ - doffsetl . (9)

d [mf(e2)VTEC, — mf(e1)VTEC}]

The conversion from STEC’ to VT EC’ (the unknown
VTEC at the ionospheric pierce points) is done based on a
mapping function mf given by IERS (2010) and depending
on the elevation angle ¢ of the observation:

1

\/M’W '
(r+h)?
The variable r is the geocentric distance of the specific site
and & = 450km the adopted effective height of the thin
shell approximation of the ionosphere lying close to the
height of the F, peak of the electron density (Hobiger et al.
2006). Some easy rearrangements will lead to the same form
as equation (7) with different shell heights (H/h), differ-
ent constant o (0.9782/1.0) and different stations heights
(R/r). Maximum differences of about 0.2 occur for zenith
distances of 85° (r = R = 6,371km). These are up to 8%
difference for GPS and VLBI mapping. Using the CODE
mapping function (7) for the VLBI preprocessing will lead
to nearly constant offsets in the VLBI VTEC (about 1-2
TECU, depending on the observations site). These differ-
ences are assimilated by the estimated inter-technique biases
and are part of the values which are shown in Table 2. For
further investigations identical mapping functions will be
used.

The observation Eq. (9) relates four unknown parameters
to each observation. It is evident that a redundant estimation
of the parameters can only be achieved by gathering some
observations together, which depend on the same parame-
ters. Therefore, VT EC’ at the specific ionospheric pierce

mf(e) = (10)

Table 2 Estimated relative biases (technique minus mean GPS) and
their precision, together with estimated variance components from VCE

Bias w.r.t. mean GPS Variance components

[TECU] oi [-]
Jason-1 +2.44+0.2 1.45
Envisat —22+0.2 0.96
COSMIC —2.14+0.1 1.58
CHAMP —-1.94+09 3.77
VLBI Fort. —04+£18 3.84
VLBITigo  —2.1+08 3.66

point is modeled as a function of VT E C above the telescope,
depending on the position of the telescope ¢, A and the ion-
ospheric pierce points ¢’, A’, as well as on two gradients
G, G in north and south direction:

VTEC (1)

= (1 + (@' —9) [gé ]) VIEC(t + (' = 2)/15).  (11)

The longitudinal difference is temporally related to the
observation site assuming that the ionosphere remains con-
stant during the (short) duration Earth takes to rotate the
angle of longitudinal difference, i.e. the epoch of the ion-
ospheric delay observation is shifted forward or backward
in time until the longitudes of the specific pierce point and
the observation site would coincide. The latitudinal differ-
ence is modeled by two gradients which are solved in the
estimation process together with VT EC. The singularity
caused by the unknown ionospheric offsets is compensated
by setting the sum over the offsets to zero (Sekido et al.
2003).

For the area and time under investigation two VLBI tele-
scopes can provide data: Fortaleza in Brazil and Tigo /Con-
cepcidn in Chile. For both stations VTEC values with a time
resolution of 1h are introduced into the model.

Naturally, VLBI will provide much less data than other
techniques as only one measurement per baseline can be
taken at a given epoch. In contrast, one GPS receiver observes
between four and ten (in case of GNSS even more) satellites.
In addition, only few VLBI observation sites exist—coincid-
ing with GPS permanent stations in most cases. Nevertheless,
it seems useful to include VLBI measurements in the VTEC
combination to increase the redundancy and the reliability of
the model. Existing offsets to other observation techniques
(see e.g., Bergstrand and Haas 2004) are estimated within
the adjustment and different accuracy levels are considered
by the VCE.

4 Combination strategy

As already stated, in this study data from different space-
geodetic techniques but of the same observation type (VTEC)
are combined, which are derived from the original obser-
vations within the preprocessing. As a consequence, direct
measurements of the target parameter are available. In the
functional model there is no difference to an adjustment using
only one measurement technique. However, the stochastic
model (Eq. 4) has to be extended because the accuracy level
of the observations is not necessarily identical for all groups.
Instead of one common a-posteriori variance factor 002, an
individual variance factor al.z for each observation group i €
{1,..., p} is introduced to enable different weighting for
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each group. No correlations are introduced and the weight
matrices P; are assumed to be known. The extended stochas-
tic model is given by

0’12P171 0 - 0
0 022 P! 0

s =]|. o . (12)
0 0 0P,

As no realistic variance-covariance matrices for all data types
are available no weighting within the observation groups is
done and no correlations are introduced. Instead unit matrices
are used as weight matrices:

P =1 (13)

Inaniterative approach, each ol.z can be computed from the
observation group residuals. For solving this problem in an
efficient way a fast Monte-Carlo implementation of the iter-
ative maximum-likelihood Variance Component Estimation
(MCVCE) is applied as given by Koch and Kusche (2002).

Within the combination process not only the measure-
ments have to be handled but also the prior information. The
latter are introduced as pseudo observations in areas where
no direct measurements exist. This is necessary to overcome
rank deficiencies from unevenly distributed observations (see
Sect. 2). The prior information is included in the VCE and
an additional variance component o2 is estimated for the
reference model.

By means of the VCE the different stochastic character-
istics of the observation techniques are taken into account.
Table 2 shows the variance components for all six observation
groups. It can be seen that the Envisat observations get the
maximum weight, followed by Jason-1, COSMIC, CHAMP,
and the two VLBI stations. The reference model’s variance
component is estimated to be o, = 5.06.

In addition, systematic differences in the functional model
might occur, i.e., offsets between the absolute VTEC mea-
surements. This is already known from prior investigations,
e.g., by Brunini et al. (2005). These offsets or biases may be
caused by insufficient calibration (Azpilicueta and Brunini
2009) and/or errors introduced by inaccurate model assump-
tions (e.g., mapping function for terrestrial GPS measure-
ments).

In the presented model approach, up to one time-constant
bias term per observation group is allowed. It is likely that
the offsets are not constant over a longer time period. How-
ever, as only time spans up to one day per model will be
processed (leading to daily constants for the bias terms), the
time variability can be neglected. The obtained biases are
relative values with respect to the reference model used for
the computations, i.e. with respect to IRI 2007. The usage
of other reference models will result in significant other bias
values. As a consequence, only the relative biases between
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the observation techniques which are shown in Table 2 should
be interpreted. All GPS measurements are already reduced by
the DCBs within the preprocessing and the estimated biases
are—except for remaining effects due to wrong DCBs—free
of them (same for site-specific VLBI offsets). Impacts due to
different orbit heights are minimized by the height reduction.

For further details on the inter-technique biases as well
as on the results of VCE see Dettmering et al. (submitted)
where—among other things— special emphasis is given to
time variable effects.

5 VTEC maps

The main result of the parameter estimation are the B-spline
coefficients dy, i, k; Which may be used to compute VTEC
values for every location within the region under investiga-
tion and during the modeled time interval. However these
coefficients are not easy to interpret. They reach values
between approximately 20 TECU. Out of 6,120 coeffi-
cients, 258 are zero and about the same number are close
to zero (thus not significant) due to no or sparse measure-
ments and/or good agreement to the reference model which
remains unchanged in these regions.

The model coefficients may be used in a reconstruc-
tion process to determine AVTEC for specific locations and
times and to combine it with the reference model VTEC et to
VTEC according to Eq. (1). In the following, regular VTEC
grids of 1° x 1° at each integer hour of the day are com-
puted together with error estimates for each VTEC value.
It is important to note, that— even if the VTEC is derived
only for discrete epochs—it is available on a continuous
basis as the time is also parameterized by splines. Figure 3
displays a subset of these grids. Each column of the fig-
ure represents one epoch in Universal Time (UT) with a
separation of 2h between each other. The first row illus-
trates VTECes (IRI 2007), the second one the estimated
AVTEC, the third and the fourth row show the resultant
VTEC maps together with their precision. In addition, the
observations introduced in the models are plotted in the
last row.

The estimated differences to the reference model IRI 2007
vary by about 15 TECU. The figure clearly demonstrates
that these differences could only be computed in areas where
enough data are available: in regions without observations the
AVTEC s always zero. The influence area of single measure-
ments is defined by the model resolution and thus by the level
of the B-spline modeling. The observation distribution is also
reflected by the uncertainties of VTEC: in regions with many
data points, precision of about one TECU is reached whereas
the precision is only around five TECU over the oceans and
at epochs without data contribution where the main error
component is due to reference model uncertainties.
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11:00 UT 13:00 UT

IRI VTEC [TECU)

18:00 UT

17:00 UT

AVTEC [TECU)

VTEC [TECU)

SVTEC [TECU)

input data

-100 -50 -100

-100

Fig. 3 Estimated VTEC for five epochs on 2007-05-03. The first row shows the reference VTECrer, second row the estimated AVTEC, third row
the new VTEC, and fourth row the standard deviations of estimated VTEC, all in TECU. In the /ast row the input data distribution is plotted

6 Comparison with other VTEC maps

VTEC maps are available from many institutions. Most of
them are based on terrestrial GNSS measurements. The most
important are the GIMs of IGS which combine results of
five different analysis centers (Herndndez-Pajares et al. 2009)
working with diverse modeling approaches but basically with
the same data set of IGS stations. GESA (Georreferenci-
acién Satelitaria, at University of La Plata, Argentina) pro-
vides another possibility for comparison: regional ionosphere
maps of South America are produced using the La Plata
Tonospheric Model (LPIM), see Brunini et al. (2008). This
model is independent from IGS processing (using e.g., mo-
dip latitude) but is based in parts also on IGS data. These two
GNSS GIMs are used to validate the estimated VTEC maps
on May 3 in 2007. In Fig. 4 the results are plotted exemplarily
for 17:00 UT.

At 17:00 UT on this specific day the differences of the
estimated VTEC in the area under investigation reach rms
(mean/max) values of 3.1 (—0.3/10.5) TECU with respect to
IR12007,2.6 (—0.2/8.4) TECU w.r.t. IGS, and 2.9 (2.6/16.1)
TECU w.r.t. LPIM. While the main differences to IRI occur
in the continental areas, the major changes with respect to
the GNSS-based models of IGS and LPIM can be seen over
the oceans. That means that the second plot in the second
row mainly shows the improvements to IRI generated by
the introduction of geodetic observations whereas in the last
two plots of the second row the signal is basically due to
model differences between IRI and GPS GIM which can-
not be reduced in some parts of the oceanic areas because
of missing input data. All differences are smaller than the
formal error of VTEC taking a confidence level of 99% (30')
into account leading to maximal errors of about 15 TECU for
most of the ocean areas (see Fig. 3, fourth row, fourth panel).
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Fig. 4 VTEC maps from different models for 2007-05-03, 17 UT
together with their differences to estimated VTEC by the approach
under investigation (DGFI). In the first row the absolute VTEC values

As all these comparisons only reveal relative differences
of the various models no information is given on the abso-
lute quality and it is not obvious which of these models is
better than the others and which one is the best. If taken into
account that no actual measurements are assimilated into IRI
the assumption that this model is not as reliable as the GPS-
based ones may be justified. The question if LPIM or IGS is
more accurate is much more difficult. For the further com-
parisons IGS is chosen as reference because it is computed
from five (more or less) independent models and thus should
be more reliable, even if the regional LPIM with its better
data coverage may be more accurate. Unfortunately, LPIM
does not provide any error information. The accuracies given
within the IGS model are —with values smaller than 2 TECU
for most parts of the model—quite optimistic and not reli-
able. Only in some regions and at some epochs larger values
up to about 4 TECU occur. The differences between the mod-
els from the different processing centers are larger than this
(up to 12 TECU between CODE and JPL solution on 2007-
05-03).

If IGS is taken as reference the DGFI model approach can
improve the IRI 2007 by about 1 TECU rms from 3.0 to 1.9
TECU as illustrated by the histograms in Fig. 5. In addition,
the differences between DGFI and IGS are almost normally
distributed while they show a clear systematic between IRI
and IGS. Both histograms contain a small offset (class with
most differences) of about-1.6 TECU (IRI) resp. —1.1 TECU
(DGFI). The differences to LPIM are larger for IRI as well
as for DGFI model. However, the mean value as well as the
rms of the differences can be reduced by the DGFI approach
from 2.8/3.4 TECU to 2.6/2.4 TECU.
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are plotted and in the second row their differences w.r.t. DGFI approach.
The first plot in the second row is showing the data distribution used for
estimating the DGFI model

It is important to keep in mind, that the improvements
are only locally in regions and during times where input data
are actually available. Consequently, a good reference model
as well as a well-balanced matching between observation
distribution and model resolution is necessary to compute
high-quality VTEC models.

7 Conclusion and outlook

As shown in the previous sections a combination of different
observation techniques for ionospheric modeling is possi-
ble and reasonable. Reliable VTEC maps with high reso-
lution and accuracies better than 2 TECU can be achieved
when considering the systematic offsets as well as the accu-
racy levels of the different data sets. The presented B-spline
approach allows regional or local improvements of existing
VTEC maps which are used as reference model. However,
improvements are only possible in areas and during times
with data input; in other regions the reference model will
remain unaffected but also no unintended effects occur, such
as ringing in special harmonic expansions. In case of bad
data coverage the use of an accurate and reliable reference
model is recommended to avoid strong regional accuracy
differences.

The example processed here shows that the approach can
overcome deficiencies of the climatological model IRI and
reach the same level of accuracy as models from IGS and
LPIM. In areas with good data coverage it is probably better
than these since better model resolutions are possible. Espe-
cially, this is the case in oceanic regions where only sparse
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terrestrial GPS data are available. These gaps are filled by
altimeter measurements and radio occultation data. In conti-
nental areas with dense GPS observations the improvement
by the other measurement techniques will be much smaller.

The result presented here is only a snapshot for one spe-
cific day and a longer time period for evaluation would be
preferable. Nevertheless, the period under investigation rep-
resents quiet solar and geomagnetic conditions. Even more
improvements are expected for other solar cycle periods by
the integration of geodetic measurements in the climatolog-
ical IRI model.

The VTEC modeling benefits from the improved data cov-
erage of a combination of different space-geodetic observa-
tions. However, the different measurement geometry of the
techniques is not totally capitalized as all observations were
reduced to VTEC. A full exploitation of the different mea-
surement characteristics may be achieved by combining all
data into one four-dimensional model of electron density. The
different intersecting angles of the signals will lead to a reli-
able estimation of the vertical electron density distributions
in addition to the temporal and horizontal ones.

To improve the data combination and to reach more real-
istic error estimates the use of full and realistic noise vari-
ance—covariance matrices for all observation groups will be
essential. Moreover, in order to further improve the reliabil-
ity of the models and to homogenize their precision (in time
and space) a dense and uniform data distribution is neces-
sary. For this purpose more data types could be integrated in
the model, e.g., radio occultation measurements of GRACE,
TerraSAR-X and other LEO missions as well as VTEC
data from additional altimeter missions and DORIS two-
frequency measurements, preferably together with realistic
information on their accuracies.
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