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Introduction

Modern satellite navigation and positioning systems require the use of
precise andigh resolution ionosphere correction models

On the other side precise measurements of modern sgpamdetic
techniques, such as GNSS (terrestrial and spacee) and altimetry allow
the study of the ionosphereawvith an unprecedented accuracy.

We present aegional modelof the ionosphere. The model parameters are
determined by acombinationof spacegeodetic (satellite) observations.

Therelative weightingof the observations from the different spageodetic
techniques can be performed byariance component estimation

The estimation can be followed bynaulti-scale representatiofMSR) which
allows e.gdata compressiorandnear realtime processing
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Multi-dimensional procedure

2-D modeling 3-D modeling
VTEC(A, 0) VTEC(A, o, 1)

4-D modeling
N.(A, ¢, h, t)

l Ne(%, ¢, h)

1

|

Subtraction of the corresponding values from a reference model

1

Area: global, regional, local

Reduced input data (difference observations)

1

Parameterization:
Multi-dimensional B-spline-only expansions

Combined expansions (B-splines/EOFs, B-splines/Chapman function,
spherical harmonics/Chapman function, etc.)

The procedure can also be applied to other ionospheric parameters such as

NmF2or hmF2
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Multi-dimensional procedure

2-D modeling 3-D modeling
VTEC(A, o) VTEC(A, o, t)

4-D modeling
N.(A, ¢, h, t)

l Ne(%, ¢, h)

1

|

Subtraction of the corresponding values from IRl 2007

1

Area: global JER[EEl local

Reduced input data (difference observations)

1

Parameterization:
Multi-dimensional [=Ed[{l=ReliAeXpansions

Combined expansions (B-splines/EOFs, B-splines/Chapman function,
spherical harmonics/Chapman function, etc.)

The procedure can also be applied to other ionospheric parameters such as

NmMR2 or hmR2.

IGS Worksho010 Newcastle28.6.¢2.7. T 4

DGFl



Multi-dimensional procedure

Input data from GNSS, altimetry, Prior informatio'n_for the
LEOs, ionosondes, etc., ref. models unknown coefficients

A A

v \ 4

Linear model with unknown
variance components

|

Test for Estimation of the coefficients and the Test for
outliers variance components significance

Estimated ionospheric target

function, approximation on highest
level
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B-spline expansion

e In our approach we model the difference
AVTEC(A o, t) = VIEC(A ¢, t) = VI EC.r(A p,t)

with VI'EC(A, ¢,t) = observations, VI'EC,.;(\, ¢,t) = reference (back-
ground) model, depending on longitude A, latitude ¢ and time ¢t.

e We choose an Earth-fixed coordinate system.

e As reference model VT EC,.r we choose IRI-2007.

e In our regional 3-D spatio-temporal approach we represent AVTEC (A, ¢,t)
as a series expansion

Kj—1 Kj,—1 K -1

_ J1,J2,J. 2 2 2
AVIEC(N o, )= > > > dli252 N7 e (M N7 o (0) N7 e (1)
k:]_:O ]€2:O ]{1320

in terms of 3-D (tensor) products of the polynomial quadratic B-spline
functions N§1,k1()‘)’ N;ijQ(Lp) and N§3,k3(t) w.r.t. A, ¢ and t.
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B-spline expansion

e 3-D spatio-temporal model
Kj-1Kj—1Kjp—1
AVTEC(h e )= > Y S als2BN3 L ()N, (9) N7, (1) |
k1=0 ko=0 k3=0
in terms of tensor product 3-D base functions

J1,J0,J .

kl:k23k3

e The polynomial B-splines N2, (-)
are compactly supported.

e The number K; = 27/ + 2 de-
pends on the level J; for J =
4 we have K, = 18 B-spline
functions.

e T he higher the level J the finer

are the structures to be mod-
e|ed . 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Input data

ERRESIIRIAL GNSS (SIREAS)

ALTIVIETRY (JASONT & ENVISAT)

> 80 stations with 30sec RINEX data

Preprocessing:

V extract code-levelled phase obs.
V map to vertical (STEC -> VTEC)
V account for DCBs

Vuse only VTEC up to 2000 km

V data thinning

RADIO OCCULTATION (COSMIC/F-3)
6 LEOs with ~2000 obs/day

Preprocessing:

V VTEC up to orbit height from height profiles (provided by
L.C.Tsai, NCU, Taiwan)

V extrapolate from orbit height to 2000 km
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Input data

TERNESITRIAL GNSS (SIRCAS) , \
ALTIVETRY (JASON! & ENVISAT)
> 80 stations with 30sec RINEX data

Preprocessing:

~

V map to ver REFERENCE MODEL
V account fol (IR12007)
Vuse only V'

0 1) reduction of all observations
V data thinni )

=> difference observations

2) prior information in areas without data (data
gaps)

Preprocessing:
V VTEC up to orbit height from height profiles (provided by

L.C.Tsai, NCU, Taiwan)
V extrapolate from orbit height to 2000 km
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Input data

July21st, 2006

50 i i i i i i i [
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GNSS (SIRGAS)
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Input data

July 23, 2006

30

4+ 1 1 + 1 1 1 1

+ ¥ -6 I - 60 -
10 100 -9 80 -70 60 50 -40 -30  -20 -il0 -100 %0 80 70 -60 50  -40  -30  -20 -i10 -100 90 80 70 60 -0 40  -30  -20

GNSS (SIRGAS) COSMIC/F-3

é¢ and prior information from reference model (IRl 2007) for areas without
observations
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Adjustment

e Each observation group (GNSS, Jason-1, Envisat, COSMIC, etc.) provides

an observation equation for the unknown coefficients d,{i,ﬁiij

e Thus, for each of the altogether p groups an observation vector y; with
1=1,...,p is available.

e For each observation vector y, a Gauss-Markov model

. -1
y, +e=A;0 with D(y;) = 05,1' P, ;
can be established; o2, = unknown variance component, P,; = known

weight matrix.

e The vector 3 consists of

— the unknown series coefficients d]{i,igk‘]; and the

— the unknown biases between the groups.
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Adjustment

e For each observation vector y, a Gauss-Markov model
Y, +e =A;[3 with D(y;) = aﬁ,i P;zl

can be established; Uii = unknown variance component, P,; = known
weight matrix.
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Adjustment

e For each observation vector y, a Gauss-Markov model
Y, +e =A;[3 with D(y;) = 05,1- P;zl

can be established; Uii = unknown variance component, P,; = known
weight matrix.

e To avoid rank deficiency problems (data gaps) prior information for the vector
3 is introduced.

e Variance Component Estimation (VCE) provides the unkown parameters 3
as well as the variance components cr:gz. for the groups and the prior information
in one combined model.

e For our numerical investigations we set for the highest level values J; =

Jo = J3 =4, i.e. we solve for 5,832 coefficients dgfl’;’k?).

e Variance components are estimated for the 5 groups: GNSS, Jason-1, Envisat,
COSMIC and IRI 2007.

IGS Worksho010 Newcastle28.6.-2.7. T 15 @FU



Variance component estimation

Weighting, July 2, 2006, Ref.: IRI 2007 N
L s R S S B H S | | Group 0,
e 1| GNSS 15
””” 2 | Jasonl 0.8
3 | Envisat 0.7
4 | COSMIC/E-3 1.1
— 5 | Prior information 4.2
—~—Envisat (reference model)
? [——cosmic| y
——s mm— ——GNSS
H —*—Prior Info

|teration

wTheiterative procesdor estimating the variance components converges very fast
(after three iterations)

wThe reciprocal values of the variance components ara¢laive weightsof the
groups to each other.
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Estimation of the unknown series coefficients

e Within each iteration step of the VCE the unknown series coefficients are

estimated. In case of convergence the estimators 524; ks are obtained.

e With these estimated coefficients J:A',f' ka we calculate the estimated tar-

get function at highest resolution level J1 = Jo=J3=4 as

17 17

74.4.4,
AVTECOh o) = S Y e iy NZ 3y ) NZ 1, () NG 1, (1)
k1=0 ko—0 k3=0

Consequence: We can calculate VTEC maps not only with a time spaciigooirs
or one hour, but whenever we want
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