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Abstract. Nowadays long continuous time series gional and national services are in place for a long
of products obtained by GNSS (Global Naviga- time (e.g., the European Permanent Network, EPN,
tion Satellite Systems) measurements are available(Bruyninx, 2004)). The interpretation of the available
Due to reprocessing efforts these time series havdime series of station coordinates and other parame-
achieved a very high consistency level. In this con-ters requires an automated processing of these data.
text the analysis, reassessment, and the interpretatioRecently FODITS (hd outliers and_gscontinuities

of these time series become more and more imporin time sries) has been developed as a new compo-
tant. nent of the Bernese GPS Software (Datél., 2007).

In particular station coordinate time series from  As the acronym implies the purpose of the pro-
GNSS observations may be affected by disconti-gram FODITS is intended to detect outliers and dis-
nuities, e.g., because of equipment changes, eartheontinuities in time series. The program adapts a
guakes, other geophysical processes, data problemfynctional model containing parameters for outlier
and environmental effects. and discontinuity handling. In addition the functional

In the Bernese GPS Software the programmodel may also consider one or more linear station
ADDNEQ?2 is responsible to combine individual velocities and a set of periodic signals (pre-selected
(e.g., daily or weekly) solutions over a long time by the user). Epochs of potential discontinuities may
interval of even ten years and more. Regarding thebe introduced by the user from a list of earthquakes
fact that today usually between 100 and 200 (or everor from a list of equipment changes. The program re-
more) stations are included in a continuous processduces the components of the functional model from
ing schema over years, an automated analysis of théhe user specified maximum set of components by
time series is very appreciated. eliminating the non-significant ones. Furthermore the

FODITS (iind autliers and_gscontinuitiesn time algorithm adds discontinuities and outliers where it is
series) has been developed as a new tool of thenecessary to represent the original time series by the
Bernese GPS Software. A functional model includ- function model in a optimal way.
ing outliers, discontinuities, one or more linear ve-  The adaptation of the functional model is the core
locities per station, and a set of periodic functions is functionality of FODITS. It is performed iteratively.
adapted by the program to the time series of the daté&uch iterative approach, the so-called detection, iden-
according to the significance of the components. Thetification, and adaptation (DIA) procedure, was pre-
used algorithm is bases on the ATI (adaptation, testsented in Teunissen (1998) for validating the assump-
and identification) method—developed for preprocesstions underlying the functional model. Perfetti (2006)
ing of GNSS data—and is optimized for the analy- used a DIA-procedure to analyze the time series of
sis of long time series of coordinates. Neverthelessthe Italian GPS fiducial network. In FODITS the orig-
it is also possible to analyse other time series usingnal DIA-algorithm has been modified and optimized
FODITS. In this paper we present examples of anal-to increase the performance of the program for long
ysed time series of station coordinates and differentime series with 5000 data points in three compo-
tial code biases. nents. Namely, FODITS processes the two horizontal

and the vertical components of a station coordinate
Key words. Time series analysis, automated process-at the same time. The algorithm used within FODITS
ing can be described as adaptation, test, and identification
(ATI). A detailed description is given in Section 3.2.

We start in Section 2 to describe how FODITS
. is embedded into the processing flow of the Bernese
1 Introduction GPS Software. In Section 3 the algorithms used

. _ . within FODITS to identify the outliers and discon-
Since 15 years the International GNSS Service (IGS)tinuities are given. Section 4 shows the behaviour of

processes GNSS (Global Navigation Satellite Sys-yno AT| procedure duringiits first iteration steps while
tems) measurements on a daily basis. Several re-




analyzing CODE (Center for Orbit Determination in with the information on the used equipment for each
Europe) coordinate time series. The paper gives exstation (STA) and a list of earthquakes (ERQ) ex-
amples for processed weekly coordinate time seriegracted from an external database, e.g., U.S. Geolog-
for some of the stations in the EPN in Section 5.1.ical Survey Earthquake Hazards Program (U.S.G.S.,
Section 5.2 illustrates an example of the reassessmert008). It is also possible to enforce the program to
of CODE global daily station coordinate time series. set a discontinuity at dedicated epochs and to setup a
The analysis of the P1-P2 DCB (Differential Code certain set of periodic functions in any case—even if
Biases) is presented as an example for the procesghey are not significant. These predefined events are
ing of non-coordinate one-dimensional time series inintroduced by a so-called event list file (EVL). Apart

Section 5.3. A summary is given in Section 6. from the program output, FODITS provides the list
of outliers and discontinuities in a station information
2 Description of FODITS and its file that can directly be introduced into ADDNEQ2 to
Embedding in the Bernese GPS generate the updated (final) time series of station co-
Software ordinates. In addition the list of reference frame sites

is adapted according to the detected discontinuities.

Time series of coordinates may be represented as a set

of coordinate files resulting from the processing of in- 3 Functionality of FODITS

dividual sessions (e.g., hourly, daily, or even weekly

processing scheme). Introducing the coordinates diODITS allows the analysis of time series up to three
rectly we have to presume a consistent definition ofcomponents. GNSS station coordinate time series are
the geodetic datum. Alternatively, series of coordi- in fact analysed and modelled in their local com-
nates may be generated by ADDNEQ2 (combiningponents (North, East, and Up). The space variance-
the normal equations of the individual solutions from covariance information of coordinates (exported from
so-called NEQ-Files) with a consistent datum defini- ADDNEQ?2 through PLT and COV files, see Figure 1)
tion (represented by the coordinates and velocities aglows into the least squares adjustment (LSA) if they
well as a selection list of the reference frame sites).are available. The temporal variance-covariance in-
In that case the coordinates of the individual solutionformation is not taken into account in FODITS.

may be reconstructed from the resulting station co-

ordinates and velocities (CRD/VEL) in conjunction .

with the residuals of the individual contributing nor- 3.1 The Functional Model

mal equation files with respect to the combined solu- o5ch statiog = 1,...,n, we define the func-
tion (PLT). In both cases the variance-covariance in-jjon | modely;(t;) consisting of a number of =
formation of the individual coordinate solutions may 1,...,ns; epochs. The functional model is indepen-

be considered. ; ;
; - . . dently derived for each station. For that reason and to
Figure 1 illustrates the embedding of FODITS in joh6ve the readability of the formulas we do not use
the Bernese GPS Software. the station indey.
The functional model may consist of a set or a
subset of the following components:

CRD| VEL | sTA File abbreviations:

JEvl: Eventlist station coordinates, at an epochtg,

||= ERQ: Earthquake Ii§t A .
CRD | ADDNEQ2 | - NEQ: Normal equations — one or more station velocitias, (ti—to) nwk(t:),
-VEL: Velocities — a number of discontinuitiedy, - 74, (t;),
- STA: Station information . . ’
Predefined ( ) | -FIX: List of reference sites — alist of Out“erSSk s,k (tz), and

- PLT: Residual time series

events % - COV: Variance-covariance
STA T i 77
Select FOD ITS

;

a set of periodic functiong;, with the predefined
frequencyf;, and the parametees, andby:

: y(ti) = cot (1)
i’"{HVELHCRD‘ |cro] veL | sTa] Fix | i
FODITS results Updated inputs for ADDNEQ2 Z Vi (ti - tv,k) ’ nv,k(ti) +
k=1
Figure 1. Embedding of FODITS in Bernese GPS Soft- 74 ns
ware. > dimaw(ts) > sk ner(ti) +
k=1 k=1

p
Events of potential discontinuities that shall be ay, sin(27 fit;) + by cos(27 fit;)] - t;).
tested by FODITS for their significance are given ;[ ke Sin(2m i) cos(2mfiti)] - 1ok (ki)



The functionsy, i (t:), na,k(t:), ns,k(t:) andn, x(¢;)

are either 0 or 1 to indicate the validity of the corre-

sponding component for the epoghThe total num-
ber of discontinuity, outlier, velocity intervals, and
periodic functions are defined by the variablgsn,
n,, andn,, respectively.

2.

The elements of the coordinate time series are
used as pseudo-observations to estimate the parame-

ters of the functional model. All three components of

a coordinate time series may be processed together.
Instead of station coordinates also other time series

can be introduced to compute functional models.

3.2 The ATI-procedure

The Nassi-Shneiderman diagram (norm DIN-66261) 3.

of FODITS is shown in Figure 2. The time series pro- 4
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Figure 2. The Nassi-Shneiderman diagram of FODITS.

cessing in FODITS may be divided by the following

steps:

1. The coordinate time series are read either from g1
list of coordinate files (CRD) or are reconstructed

from the residuals (PLT) in conjunction with the
resulting coordinate and velocities (CRD/VEL)

10.

from the combination of normal equations in the 12.

ADDNEQ2 program. The variance-covariance
information of the coordinate time series may
be provided in a result variance-covariance file
(COV) and in the residual file (PLT).

A list of predefined events like, e.g., equipment
changes (from the station information file, STA)
and earthquakes (ERQ), is generated from the in-
put files. All these events will be tested in step 6
whether they cause significant discontinuities or
not. Components of the functional model can be
introduced by the user (EVL file). There are three
opportunities to influence the procedure: The re-
sulting functional model will contain these com-
ponents independent from their significance. The
components can be introduced as a proposal that
are verified during the processing for their signif-
icance. Specific components of the default func-
tional model can be suppressed during specific in-
tervals.

FODITS analyzes one station at a time and con-
siders each station independent from the others.

. A first functional model is defined. It contains

parameters for all predefined events for this sta-
tion taken from step 2. In addition, the parameters
for the user-defined periodic functions are set up.
Moreover, a new velocity parameter is set up af-
ter each earthquake event unless alternative user-
defined configuration (no velocities, only one ve-
locity, or a new velocity parameter after each dis-
continuity parameter) is given.

. The parameters of the functional model are es-

timated by LSA using the elements of the time
series as the pseudo-observations.

. All parameters of the functional model are tested

for significance. All non-significant parameters
are removed from the functional model step-by-
step.

. Velocity changes are tested for significance. Non-

significant velocity changes due to earthquakes
are removed from the functional model if user-
defined.

. All possible velocity changes are reconsidered.

The steps 5., 6., and 7. are repeated until no
more non-significant parameters are included in
the functional model.

. The epoch of the most probable discrepancy be-

tween the time series and the functional model
is identified that can be fixed by a discontinu-
ity. A new discontinuity is added to the functional
model at this epoch.

Probable outliers are identified and also added to
the functional model.

The full functional model with all components
described in step 4. together with the new iden-
tified discontinuity and outliers is setup. The pro-
cedure is repeated from step 5.

The iterative procedure terminates if the last iden-
tified most probable discontinuity is removed
from the functional model in step 6. because it
is not significant anymore.



13. Result and output files are generated. and the time series requires the identification of the
14. Input files for ADDNEQ2 are updated. epoch of such potential discontinuity. In FODITS, the

In summary the algorithm consists of adaptation (step'dentification of this epoch is based on the analysis
4.), test (step 6.), and identification (steps 9. andOf thg time series residuals with respect to the recent
10.) (ATI) steps. The progress of the algorithm can functional model

be given in terms of screening and iteration steps: a

screening step (adaptation and test steps of the ATI~ (t:) = y(t:) — Ax(ta), 3)

procedure) is completed with the handling of veloci- \yhere A is the design matrix of the updated func-

ties (step 7.) while an iteration (identification step of tional model.

the ATl-procedure) is completed with the search for  gecause the original statistical test for the iden-

probable outliers (step 10.) (see Figure 2). tification step in the DIA-procedure as proposed in
There is an important advantage in setting up (Teunissen, 1998) is very computer time consuming,

the full functional model and removing the non- e have implemented a simplified algorithm to detect

significant elements. The most computer time Con-the epoch of the most probable discontinuity discrep-
suming part is the setup of the components of thegncy at

functional model from the pseudo-observations, the

elements of the time series, e.g., coordinates. So it; inaway that g(t;) = maxg(t;) (4)
is preferable if only components need to be removed

and no parameters for a new component of the funcwith

tional model has to be added within one iteration step: i

the removal can be done on normal equation level (t;) = ‘ZW(%)‘ where i=1,....n;. (5)
whereas adding new parameters requires a reprocesg- Pt ’ T

ing of the complete time series. This significantly in- -

creases the speed of the program. The residual time series

3.3 Tests of Significance w(t;) = v(ti) — Agx(t;) (6)

We verify the significance of all estimated parametersiS obtained by fitting a first degree polynomial func-

x = {d,s, p} by the following statistical test: tion (described by the design matr) to the orig-
inal residual time series(¢;) (see Eq. 3) with the

|x]| peculiarity of resampling the time information with
T, = <ur_g, @ b iforieq
moVTQue o T p=ifori=1,. - n. o
Let’'s add a remark to the test time series of Eq. 5:

wherem, is the unit weight of the LSAQ...(x, x) by employing the residual time seriag(t;) (see
is the cofactor matrix of the parameterandT isthe  Eq. 6) instead of the original residual time series
transformation matrix of the operation. Moreover, we v(t;) (see Eqg. 3) we make the identification step ro-
have the critical value; ¢ of the normal distribu-  bust with respect to the data gaps in the time series
tion for a user-defined significance level (notunusual for time series derived from GNSS data).

Let's add two remarks to the significance tests:
First, for periodic functions we test for the signifi- 3.5 Searching for Additional Outliers
cance of the amplitude. Second, a minimum size of a
detectable discontinuity%| > . - mo) and outlier  All residuals of Eq. 3 that fulfill
(|x| > ks - mp) is specified in relation to the noise
level of the time series and as an absolute threshold¥(ti)| > £smo and (7
for the horizontal x| > hq4, |x| > hs) and vertical
(Ixv| > wa, x| > vs) components. In this way, the
computation time can be significantly reduced, andare identified as outliers. Outliers will be added to
the user has a better control of the algorithm (e.g.,the functional model and tested for significance in the
events with a size below 1 mm might be detected asnext iteration step of the ATI-procedure.
significant in the time series of very good stations,
what makes from the general experience of the GNSS3.6 Velocity Handling
processing no sense anymore).

[vi(ti)| > hs or |vy(t;)| > vs

In long time series the station velocity needs to be
3.4 Searching for New Discontinuities considered. One or more time intervals of velocity pa-

rameters may be considered in the functional model
The removal of the most probable discrepancy (in(see Section 3.1). The (user-defined) criteria to intro-
terms of discontinuity) between the functional model duce the velocities in the functional model are:



no velocities, 3.8 Update of ADDNEQ?2 input files

— one velocity,
— velocity change after earthquakes, and A more consistent ADDNEQ?2 reference frame solu-
— velocity change after discontinuities. tion is achieved by updating the list of used equip-

ment (STA), the list of reference sites (FIX), and the
In case of a significant discontinuity at a predefineda priori coordinates and velocities (CRD/VEL) files
epoch due to equipment changes no velocity changgyith the analyses result of the time series collected
is permitted. On the other hand a velocity change ishy FODITS (see Figures 1 and 2).
allowed after any predefined epoch due to an earth-
quake.
The ATI-procedure (see Figure 2) verifies for all ~ Discontinuity

A . ) reasons N1 N2 E1 Sra1  Sraz E2 Ns N4
pairs of velocities{v,,,v,} belonging to the ana-
lyzed stationj, with n > m and no more than one  [oee Is
earthquake event between andn, whether the ve-

. . . Intervals 1 2 3 4 5 6 7|8 9
locities are statistically equal or not. We may assume  veiocies | 1 | 1 2 2 2 |3|3 3
thatv,, = v,, if the statistical test ] At Time

References 5 v 1\ - 1l
*—=eo *————=o L
|Vn — Vm| Vel. constr. o o - | o ol | o
Tu - A < Ulf% (8) ] ] ) )
mo \/TQm(Vm; v,)T Figure 3. Hypothetical scenario of velocity changes. The

vertical lines represent the delimitation of the velocity i
. . . tervals. The reasons of the delimitations are indicated on
holds.Qq.(vm; vn) is the cofactor matrix of velocCity 1o of them: (v,,) are new identified significant disconti-
parametersr,,, andv,, andT is the transformation nuities, (,,) earthquakes, and¢a.,) indicates equipment
matrix of the operation. If significantly equal the two changes« denotes a receiver amchn antenna). The veloc-
original velocities and all velocities between them areity parameters are enumerated. The reference epagh

then represented by the same velocity parameter if% TI¢ ® MITTUR TRERS. BIO R &8 ReCintes
the next screening step of the ATI-procedure. are indicated with a connection lin&, is the selected ve-

locity interval which represents the reference site (ifJany

3.7 Earthquake Events

Earthquake events, especially registered along the By arl1lowing velocgy changes (seedSectio_nh SHG)
tectonic plate boundaries, are nowadays monitored alfufing the ATlI-procedure we may end up with the
over the world down to a magnitude of 4.0. By means lime series fra_gmented in time mteryals delimited by
of an external earthquake information database, e.g.r,‘ew or predeflne(_:i events. Figure 3 illustrates an hy-
U.S. Geological Survey Earthquake Hazards I;,ro_pothetlcal scenario of velocity changes allowed after
gram (U.S.G.S., 2008), we test whether these Seisgarth?ua_kegﬂ‘n) ar;d Be?’v d|$cont|nr11|t|esi‘(n). loci
mic events produced discontinuities and/or velocity Velocity intervals belonging to the same velocity

changes in the analyzed station coordinate time seParameter—after all iteration and screening steps—are
ries. continuous (e.g., velocity intervals 1, 2, and 3 of Fig-

Therefore, we set up a discontinuity parameter!r® 3). Updated ADDNEQ? input files will then con-

and allow a velocity change at epoch of the (regis-tain the subdivision of the time series in velocity in-

tered) earthquake event of magnitudié,., and of tervals and, if any, the relative velocity constraints set

distanced.., from the analyzed station ifrq up on them. As Figure 3illustrates, the relative veloc-
erq

ity constraints are set up on pairs of velocity intervals
belonging to the same velocity parameter.

My > Merqg  and  Merq > Mipin, (9) From the experience of the GNSS analysis we
know that a reliable station velocity cannot be derived
where from a too short interval of data. For that reason we

introduce two user-defined parameters, a minimum

interval lengthAt,, and the reference epoch., to
(10) . o :

select the main—long enough—velocity interval of sta-

_ _ _ tions (see Figure 3). The procedure of selection of
is a rule of thumb derived from world-wide felt earth- this main velocity interval can be resumed in:

guakes of different magnitudes, at different distances,

and on different bedrocks—information taken again 1. Selection of the velocity parameter as close as the
fromthe U.S. Geological Survey Earthquake Hazards  reference epoch,..; for which At, covers the
Program (U.S.G.S., 2008)/,,;, is user-defined. biggest time interval.

M, = —11.3475 + 3.2358 - log derq



2. Select the main velocity interval belonging to the found significant. These two discontinuities due to
selected velocity parameter selected in step 1. agarthquake events are also clearly verifiable by eye
close as the reference epaghy. in the residual time series. After the first earthquake

(E1), according to the legend, no velocity change was

detected. As consequence the velocity parameter af-

: o ter (E1) was removed from the functional model dur-

to ha\_/e only well observed refe_rence sites within theing the screening procedure. On the contrary, after the

time interval covered by t.he time series and, as 3second earthquake eveMH?), a significant velocity
consequence of that, to reject poorly observed refer—Change was found. In this case the velocity parame-

ence sites from the list of reference stations (FIX). :
FODITS rejects those reference stations from the Iist}ﬁ:lgtf;[grr] ;T;gggrr::?;\'g i)evav?fh'glg;]ec;‘%rfezlgeorg L?]Eirllgf-
for which the time interval of the selected velocity o, id 2007 we notice a lack of data. Just before the
parameter—thus the one including the main velocity 4 o¢ such long interval (of about 9 months), on 25-
interval-does not cover at least the minimum intervalJun-ZOO?, we observe the equipment cham’ya):(
lengthAt,,. both receiver and antenna were replaced. According
to the legend, the discontinuity parameter set for this
4 Examples of the ATI-procedure equipment change was removed from the functional
) ] ) ) model after have been found non-significant. After
Figures 4 and 5 show both the first four iteration stepsthjs three-steps screening procedure the most proba-
of the ATl-procedure (see Section 3.2) while analyz- pje discrepancy in terms of discontinuiti) is iden-
ing the daily CODE* coordinate time series of the tified by locating the maximal value in the normalized
IGS station NTUS, Singapore (Republic of Singa- test time serieg(t;) (see Eq. 5).
pore). . . . After the 2nd iteration step (top-right subfigure)
For both time series analyses a velocity changeye immediately observe that the (in the previalss)
was allowed only after significant discontinuities due jteration step and labeled witk)) proposed new dis-
to predefined earthquake events (see Sections 3.€ontinuity, was now found significaniNj. As con-
and 3.7), the significance level was sette= 0.01  sequence of that, the ATl-procedure carries on by
(see Section 3.3), the additional threshold parametergearching for for a newnost probable discontinuity.
for discontinuities were set to; = 0, ha = 5mm,  Compared to the situation after thst iteration step,
v = 10mm (see Section 3.4), and those for outliers e now have (after thignd iteration step) a signif-
were set tow, = 3.0, hy = 20mm, vs = 30mm jcant discontinuity for the equipment chang&d).
(see Section 3.5)M,,;, Was set to 5.5 magnitudes. Thjs discontinuity is particularly visible in the north-
We point out that the additional threshold parameterscomponent of the functional model. Some of the pro-
for discontinuities#q, ha, andvs—were set on pur-  posed outliers after thist iteration step were found
pose to low values for the ATI-procedure to progresssignificant at the end of thiznd iteration step (see the

for at least four iteration steps. , ~ thin dashed vertical lines without label in all subfig-
We start describing the results of Figure 4. With yeg).

the solely aim to better illustrate the behaviour of the  aAfter the next two iteration steps—tBed and4th—
ATl-procedure we did not add on purpose any peri-\e only observe how the ATI-procedure proposes a
odic functions for the analysis. This allows us to bet- ey discontinuity to compensate the discrepancy be-
ter visualize the velocity changes and to better per-yyeen the functional model and the time series, and
ceive the behaviour of the normalized test time serieshow this proposed discontinuity is then accepted as
g(ts). _ ) significant in the successive iteration step. The sig-
The (top-left) subfigure (of Figure 4) shows the pificance of the equipment chang®&d) as well as
screened functional model after thst iteration step  the two earthquake event&X) and (VE2) does not
of the ATI-procedure. According to the legend (below change anymore.
Figure 4) we observe that at both epochs of the two  The number of significant outliers increments
earthquake eventsE(), a 8.6 magnitude, at epoch after each iteration step. This is easily explained:
28-Mar-2005 16:05:37, at a distance of 735km); since the residuals as well as the RMS (Root Mean
and VE2), a 8.5 magnitude, at epoch 12-Sep-2007square) become smaller and smaller after each
11:06:10, at a distance of 689 km-—a discontinuity Wasjteration step, more and more residuals fulfill the

criteria and are proposed as outliers.

For long time series of coordinates a datum defi-
nition for station velocities is advisable. This implies

1 Center for Orbit Determination in Europe (CODE), a
consortium consisting of the Astronomical Institute Umive . . .
sity of Bern (AIUB, Switzerland), the Federal Office of To- The configurations and the additional thresholds
pography (swisstopo, Wabern, Switzerland), and the Bun-used for the analysis shown in Figure 5 are the same
desamt furr Kartographie und Geodasie (BKG, Frankfurt a.as the ones used for the analysis of Figure 4 except
M., Germany).
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Figure 4. Iteration steps 1 (top-left), 2 (top-right), 3 (bottomi)efand 4 (bottom-right) of the ATI-procedure for the time
series analysis by FODITS of the IGS station NTUS, SingajgBepublic of Singapore). The CODE daily time series
covers atime interval from from 01-Jan-2005 to 20-Apr-200@ each iteration step the residuals and the functionadleino
are shown for the three components North, East, and Up. Timaliaed test time series for the identification of the most
probable discontinuityg, (¢;)) are shown.

® Time series N New discontinuity S Equipment change: (Uppercase is significant)
® Functional model F Most probable discontinuity a Antenna I Receiver €  Eccentricity
Outlier V' Velocity change E Earthquake (Uppercase is significant)
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Figure 5. Iteration steps 1 (top-left), 2 (top-right), 3 (bottomi)efand 4 (bottom-right) of the ATI-procedure for the time
series analysis by FODITS of the IGS station NTUS, SingajgBepublic of Singapore). The CODE daily time series
covers a time interval from from 2005-01-01 to 2008-04-26x. €ach iteration step the residuals and the functional inode
are shown for the three components North, East, and Up. Timaliaed test time series for the identification of the most
probable discontinuityg, (¢;)) are shown.

that we ordinarily added periodic parameters (yearly,1st iteration step of Figure 4. Right away we no-
half-yearly, monthly, and half-monthly). tice the presence of significant periodic parameters.
The (top-left) subfigure of Figure 5 illustrates In fact all added periodic parameters—yearly, half-
(again) the screened functional model after fise  yearly, monthly, and half-monthly—were found sig-
iteration step of the ATI-procedure. Let us com- nificant. As a consequence of that, this time more
pare it with the screened functional model after the difficult to be observed by eye and rather understand-



able by means of the legend, no significant velocity with a non-coordinate, one-dimensional time series
change was found after the second earthquake evens presented in Section 5.3.

(E2). Again compared to thist iteration step of Fig-
ure 4 we further notice a light different behaviour of
the normalized test time seriggt,;). Nevertheless,
the most probable discontinuit was identified ex-
actly at the same epoch as without additional peri-
odic functions. An incumbent remark: especially in
the north-component we observe one or more signal
of period of about three/four months that were clearly
not absorbed by the functional model since these pe
riods were not added to it.

5.1 Time Series of Weekly
EUREF-Combined Station Coordinates

The ATI-procedure—the core algorithm of FODITS—
is applied to weekly station coordinate time series.
Toordinate time series extracted from the combined
solutions computed at BKG (Bundesamt fir Kar-
tographie und Geodasie, Frankfurt a. Main, Ger-
. . many) from the local analysis center contributions
The next three lteration steps of the A.‘TI' were processed by FODITS. Figure 6 shows four
procedure are shown in Sequence in thg (tOp'”ght)examples of stations of the EUREF permanent net-
(bottom-left), and (bottom-right) subfigures of .., (EPN): BZRG, Bozen (ltaly) (top-left), GLSV,
Figure 5. As opposed to thiest lteration step, we ;e (Ukraine) (top-right), GANP, Ganovce (Slo-
e_nd up_aft_er thend iteration step with a significant vakia) (bottom-left) and REYK, Reykjavik (Iceland)
d'scont'%lf'ty dgettofeqU|pr:1hen'fA\<_:rrllan§&a()d Fromha Id (bottom-right). Yearly, half-yearly, monthly, and half-
Leasotr)la e {:)om g :‘/tleV\;Iﬁﬁng —proc? u:je sftou monthly predefined periodic parameters were added
ave been stopped after or even already alter i, e functional model of the stations. For all anal-
th_e 1st iteration step, because in the next two iter- yses a velocity change was allowed only after sig-
f'ﬂ;‘)” dsteps—thléird an((jj_the4tth—tr_1[<_e A‘I;I-procedure i nificant discontinuities due to predefined earthquake
Introduces only new discontinuities 1o compensatey, o g (see Section 3.6), the significance level was set
the s_lgnals hot absorbed by th_e fun(.:tlo.n.al model.to a = 1.0 so that the progress of the ATl-procedure
The introduction of these new discontinuities led to was controlled only by the additional threshold pa-
alternatively change the significance of the equip- - oters: for discontinuities they were setrp —

ment changea) to (Sa) and vice versa—and to 1.5, hg = 5mm, vg = 10mm (see Section 3.4)
even review the significance of the velocity changeand for outliers they were set to, — 1.5, hy —

after the second earthquake eveER)( 5mm, v, — 10mm (see Section 3.5)M,.;, was
set to 4.5 magnitudes. In all time series the ATI-

queLne(;[el;Sonc())vl\jrail':jedra?i?)witgggl \r/\tiénsaar“ljvsﬂt_]c;tbt?]? :_I?I:procedure identified the prominent GPS week 1400
procedure keeps adapting the functional model to themodel change® (the only indicated with /) for

idual ti . | h identified di all stations). Significant discontinuities due to an-
residual ime series as long as the nNew 1dentified diSyann5 ang receiver changeSr¢) were found for

continuity parameters was found significant (see Secboth stations BZRG and GLSV. Whereas the equip-
tion 3.2). Practically, in absence of limiting criteria, ment change sae, antenna réceiver and antenna

the_tATI-p(eroceduretlt_:ould keeptaddipgtﬂem; dis;:_onti-l eccentricity from 0.0555m to 0.0630 m in the height)
nuity and néw outlier parameters 10 the funclionaly, e time series of REYK was classified as non-

”_‘Ode' as long as the degree of freedo_m of our InVer'significant. If we look carefully at the time series of
sion problem does not become negative. It is there-

: ; station REYK we may do observe a change in the
fore task of the user to know and define the right ad-_ - - )
ditional criteria to control the ATI-procedure before a noise evel after the epoch ofifac) in the up compo

inal daotati £ th del to the ti nent: the time interval froms(ae) to the last epoch
Weesal:r)ltla‘r;ﬁnesss adaptation of the model {o the ime Se-4¢ ,q analyzed time series was eventually too short

the recognize the equipment change as significant. An
outlier for the week containing the middle epoch 14-

5 Examples for FODITS Processed Time Nov-2007 was detected instead.

Series

2 At GPS week 1400 significant model changes affect for
] ) ) ] both daily global and weekly EPN solutions: switch to the
Two station coordinate time series are analyzed byapsolute' GNSS PCV model and use of IGS05 terrestrial
FODITS: the weekly EUREF-combined (see Sec- reference frame realization conform to the absolute PCV
tion 5.1) and the CODE global daily solution (see mpdel. In addition CODE has starteq touse the global map-
Section 5.2) where the analysis results were used i TR ERE T om e 8 B o e

. . . u u y ]

to update the input _flles _for a new, more consis- troposphere Boehm (2006), to use an updated set of solar
tent, ADDNEQ?2 solution with reassessed time series. 5 iation pressure a priori model coefficients for GPS and
Not only coordinate time series may be analyzed byGLONASS (see Dacht al. (2007)), and other minor model
FODITS: an example of this versatility of FODITS updates.
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Figure 6. EUREF weekly solution time series.
® Time series N New discontinuity S Equipment change: (Uppercase is significant)
® Functional model F Most probable discontinuity a Antenna I Receiver €  Eccentricity
Outlier V' Velocity change E Earthquake (Uppercase is significant)

At epoch 2006-Mar-06 14:18:56 a discontinuity lyzed by FODITS in this example in order to real-
parameter due to an earthquake of magnitude 4.5ze a more consistent reference frame by the program
with epicentre of 30 km from station REYk]) was  ADDNEQ2.
found to be non-significant. Since velocity changes The user-defined parameters for the FODITS
are allowed only after significant discontinuities due analysis are as follows: a velocity change was al-
to predefined earthquake events, no velocity changebwed after any earthquake events (see Section 3.6),
were allowed after that earthquake—which also wasthe significance level was set to= 0.01, the addi-
not necessary if we compare into the time series andional threshold parameters for discontinuities were
functional models in Figure 6. set tokg = 3.0, hy = 10mm, vy 30mm
(see Section 3.4), and those for outliers were set to
ks = 4.0, hy = 10mm, vs = 30mm (see Sec-
tion 3.5). M,,;, was set to 6.0 magnitudes. Further-
more, the minimum interval length for velocities was
The realization of a more consistent reference frame€t 10 A, = 2.5 years while the reference epoch
is achieved by reassessing the coordinate time sebref Was set to (01-Jan-2000 00:00:00) according to
ries (see Section 3.8). Daily station coordinates ofthe IGS05 realization of the reference frame.
CODE's IGS final solution (2005-2008) are ana-

5.2 Reassessment of Daily CODE Station
Coordinate Time Series
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Figure 7. CODE daily solution time series.
® Time series N New discontinuity S Equipment change: (Uppercase is significant)
® Functional model F Most probable discontinuity a Antenna I Receiver €  Eccentricity
Outlier V' Velocity change E Earthquake (Uppercase is significant)

Table 1. Summary of the FODITS analysis of daily station coordinaeSODE'’s IGS final solution (2005-2008).

Number of analyzed stations 238
Total number of all significant discontinuities detected 224
Total number of proposed discontinuities due to equipmbanges 103
Number of significant discontinuities due to equipment ¢fesn 21
Total number of proposed discontinuities due earthquakate\()/ > 6.0 mag) 87
Number of significant discontinuities due to earthquakentve 9
Total number of new significant discontinuities identified 197
- Number of discontinuities due to model change (1) (inteiaun of absolute PCV models, GPS week 1400) 81
Resulting number of new discontinuities of unknown reason 116
Total number of new significant identified outliers 3139
Total number of velocity changes 32
Total number of relative constraints on velocity paranseter 397
Number of reference sites contributing to datum definitiefobe the FODITS analysis 146
Number of reference sites contributing to datum definitifiarahe FODITS analysis 104
Resulting number of rejected reference sites 42




Station velocities of stacked CODE daily solutions (2005-2008) after
reassesment procedure with color-coded velocity improvements
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Figure 8. Result of the the reassessment procedure of CODE dailyi@oltime series (2005-2008) in terms of station
velocities. (top) station velocities after reassessntbetvelocity improvements are color-coded and the impr@mmare
given for the North, East, and Up components. (bottom) tierées of maxima of velocity improvements: (left) maximal
negative and (right) maximal positive.



Additional periodic parameters—yearly, half-yearly, the two equipment changes (labeled wig)(where,
monthly, and half-monthly—were considered in this according to the legend stays for antenna eccen-
FODITS analysis. tricity) and five earthquake events—the firgil) a
Table 1 reports the summary of the results of the6.2 magnitude at epoch 22-Jun-2006 13:04:49 at a
FODITS analysis. The number of detected disconti-distance of 134km, the seconde®) a 6.5 magni-
nuities and outliers in all 238 analyzed stations pointstude at epoch 28-Aug-2006 21:30:13 at a distance
out how important is the automated analysis of theof 225 km, the third ¥e3) a 8.3 magnitude at epoch

time series. 15-Nov-2006 11:08:29 at a distance of 815km, the
Figure 7 illustrates the four results of the FODITS fourth (e4) a 8.1 magnitude at epoch 13-Jan-2007
analysis. 04:13:56 at a distance of 813 km, and the fifth5)

The (top-left) subfigure shows the result of a 6.4 magnitude at epoch 30-May-2007 20:13:17 ata
the FODITS analysis of station TLSE, Toulouse distance of 136 km—apparently generated significant
(France). The discontinuityN) at epoch 06-Nov- discontinuities in the coordinate time series. Namely,
2006 was found significant. This discontinuity, again, FODITS rather inserted a new discontinuity)(be-
corresponds to the prominent switch from the rela-tween earthquake evenigeg) and €4). The real be-
tive to the absolute antenna phase centre modellindiaviour of the station PETP between the epochs of
in GPS week 1400 in the IGS processing. Table 1 re-the first €1) and the last\{e5) earthquake events re-
ports the impact of this model change on the resultsmains unknown. Nevertheless, the discontinuity (
of the FODITS analysis. introduced by FODITS solves our issue to reassess

The (top-right) subfigure of Figure 7 shows the the time series.
result of the FODITS coordinate time series analy-  After have analyzed all station coordinate time se-
sis of station CEDU, Ceduna (Australia). Two of the ries FODITS used the collected analysis results to
three equipment changes produced significant disupdated the list of used equipment (STA) (with the
continuities: the first one was a receiver change (fromrelative constraints on the fragmented velocity in-
a AOA ICS-4000Z ACT (GPS+GLONASS) to an tervals (see Section 3.8)), the list of reference sites
ASHTECH UZz-12 (GPS-only)) at epoch 11-May- (FIX), and the a priori coordinates and velocities files
2005 04:00:00, while the second one was practically(CRD/VEL) for the successive and (in this exam-
due to the removal and montage of the same antennaple) final more consistent reference frame realization
in fact the antenna AOAD/MI' AUST was first sub- computed by ADDNEQ?2 (see Section 3.8).
stitute by the antenna LEIAT504 AUST on 27-Jun- Figure 8 reports the result in terms of station ve-
2006, then, the latter was again re-substituted bylocities and velocity improvements with respectto the
the original antenna AOAD/MI' AUST about twenty  first coordinate set solution performed by ADDNEQ2
days later. Since the two last equipment changes werbefore the reassessment procedure. In the figure we
chronologically close to each other, FODITS rightly make the distinction between reference sites (left-
identified only one of them—the first one—as signifi- column) and non-reference sites (right-column). In
cant. all components (North, East, and Up) of all veloc-

The (bottom-left) subfigure of Figure 7 shows the ity fields we hardly see regional correlations of ve-
result of the FODITS coordinate time series analy- locity improvements. We rather see prominent veloc-
sis of station NTUS, Singapore (Republic of Singa- ity improvements at single stations that are not re-
pore). This result corresponds to the result of the ATI- gionally correlated to each other instead. For refer-
procedure of Figure 5 aftdist iteration step with the  ence sites the velocity improvements varies from a
exception that more outliers were identified, this due negative maximum of -37.4 mm/y to a positive maxi-
to the slight different criteria for outliers: the horizon- mum of 35.3 mm/y. The analyzed coordinate time se-
tal additional thresholé&, = 10 mm for this analy-  ries of the maximum negative (station KIT3, Kitab,
sis was smaller compared to the = 20mm of the ~ Uzbekistan) and maximum positive (NKLG, Libre-
analysis presented in Section 4. We remind that theville, Gabon) velocity improvements are illustrated
two discontinuities correspond to the two earthquakesn the bottom part of Figure 8. In both time series
8.6 magnitude at epoch 28-Mar-2005 16:05:37 at aFODITS found a new discontinuity) at epoch of
distance of 735kmHE1) and 8.5 magnitude at epoch the prominent model change in GPS week 1400 (see
12-Sep-2007 11:06:10 at a distance of 6891R)(  Table 1).

No significant velocity change was found after any of
these two earthquakes. 5.3 Use of FODITS for Other Applications

The (bottom-right) subfigure of Figure 7 shows
the result of the FODITS coordinate time series The algorithm to analyze time series cannot only be
analysis of station PETP, Petropavlovsk-Kamchatkaapplied to daily or weekly coordinate time series, but

(Kamchatka Region, Russian Federation). None ofalso to the results from a kinematic positioning or
any other time series. The easiest interface is the so-



AREQ 42202M005 tions may be very useful to influence the results from
—t ) FODITS in a special way (e.g., to keep the discon-
no periods interval | tinuity for the model change at the GPS week 1400
[ at this epoch, even if there are not data during this
interval because the station was inactive). Of course
this opens a wide field for special experiments. In the
case of processing the DCB time series these options
were used to suppress the outlier detection for inter-
vals with a higher noise level or to define intervals
without periodic functions, e.g., because the thermic
environment for the receiver seems to be different
than in other intervals.

o N b O
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6 Summary

1994 1996 1998 2000 2002 2004 2006 2008

FODITS, a new component of the Bernese GPS
AMC2 404725004 Software, allows the analysis of time series up to
three components per series. The spatial variance-
covariance information is considered as far as it is
available. The programis mainly used in combination
with ADDNEQZ2, the program for the combination of
the normal equation to generate time series.
Basically, the core of FODITS consists in a func-
tional model with discontinuity, outlier, periodic pa-
rameters, and one or more linear station velocities.
The corresponding parameters are set up in the func-
tional model in order to adapt the model to the time
series. The epochs for outliers and discontinuities in-
formation may either be predefined or automatically
identified. The identification of these model compo-
nents may be seen as a rejection/reduction of dis-
2000 2002 2004 2006 2008 crepancies between the time series of the data and

Figure 9. Re-aligned P1-P2 differential code bias (DcB) the functional model. The algorithm starts with the
time series analyzed by FODITS. In the (top) series of biggest and end with the smallest discrepancy. The
both subfigures the pseudo-observations (magenta) aradaptation, test, and identification procedure (ATI-
shown together with the functional model (blue). Prede- procedure) works iteratively until no further new
ggﬁg:‘él‘?ggﬁggg?itel;‘r’:éstﬁ;es'ggécsa;??ég?&;rl‘stkv‘ﬁtﬁb%;c’rg identified discrepancies are found to be significant.
to the functional mgdel are shown. PeThe significance level is user-defined. The time series
are analyzed independently from one another.
Peculiar input/output interfaces have been de-

called PLT files that usually contains the residuals ofsigned for station coordinate time series reassess-
the ADDNEQ?2 solutions. Figure 9 gives an example. ment purposes. Such time series are read by FODITS

It shows the time series of P1-P2 DCB (differ- directly from ADDNEQ2 outputs result, or, from
ential code bias) corrections for two GNSS stationsa series of coordinate files. Informations of equip-
for 15 years. In this case only one component wasment changes and earthquakes can be considered by
analyzed. The standard deviation of the observationg-ODITS, too, so that discontinuity parameters at their
were considered in the analysis. epochs can be set up and be tested for significance.

By the EVL file the user has the opportunity to By means of a user-defined events list file (EVL) one
set up discontinuities, outliers, and periodic compo-has the opportunity to set up conditionally or uncon-
nents either conditionally (tested for significance) or ditionally any kind of parameters of the functional
unconditionally (fixed) at given epochs. By the EVL model, or, define intervals of time where no param-
file these three components of the functional modeleters should be set up in the model. The collection
can also be removed unconditionally from the func- of the FODITS analysis results allows it finally to
tional model during specific intervals. This is why we update the a priori information for a subsequently
may introduce signals of same period with both dif- ADDNEQ?2 solution which takes into account found
ferent or the same phases. These detailed control opseculiar events in the time series.

Obs+Mod [ns]
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The functionality of FODITS has been verified
with different types of examples: coordinate time se-
ries from a daily or weekly processing or even a
multi-year time series of P1-P2 DCB. In all cases
FODITS has generated proper results in a highly au-
tomated mode.
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