
2011Publication Year

2024-02-02T12:37:46ZAcceptance in OA@INAF

VLBI-derived troposphere parameters during CONT08Title

Heinkelmann, R.; Böhm, J.; Bolotin, S.; Engelhardt, G.; Haas, R.; et al.Authors

10.1007/s00190-011-0459-xDOI

http://hdl.handle.net/20.500.12386/34691Handle

JOURNAL OF GEODESYJournal

85Number



J Geod (2011) 85:377–393
DOI 10.1007/s00190-011-0459-x

ORIGINAL ARTICLE

VLBI-derived troposphere parameters during CONT08

R. Heinkelmann · J. Böhm · S. Bolotin ·
G. Engelhardt · R. Haas · R. Lanotte · D. S. MacMillan ·
M. Negusini · E. Skurikhina · O. Titov · H. Schuh

Received: 7 June 2010 / Accepted: 22 February 2011 / Published online: 27 April 2011
© Springer-Verlag 2011

Abstract Time-series of zenith wet and total troposphere
delays as well as north and east gradients are compared,
and zenith total delays (Z T D) are combined on the level
of parameter estimates. Input data sets are provided by ten
Analysis Centers (ACs) of the International VLBI Service for
Geodesy and Astrometry (IVS) for the CONT08 campaign
(12–26 August 2008). The inconsistent usage of meteoro-
logical data and models, such as mapping functions, causes
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systematics among the ACs, and differing parameteriza-
tions and constraints add noise to the troposphere parameter
estimates. The empirical standard deviation of Z T D among
the ACs with regard to an unweighted mean is 4.6 mm. The
ratio of the analysis noise to the observation noise assessed by
the operator/software impact (OSI) model is about 2.5. These
and other effects have to be accounted for to improve the
intra-technique combination of VLBI-derived troposphere
parameters. While the largest systematics caused by incon-
sistent usage of meteorological data can be avoided and the
application of different mapping functions can be consid-
ered by applying empirical corrections, the noise has to be
modeled in the stochastic model of intra-technique combi-
nation. The application of different stochastic models shows
no significant effects on the combined parameters but results
in different mean formal errors: the mean formal errors
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378 R. Heinkelmann et al.

of the combined Z T D are 2.3 mm (unweighted), 4.4 mm
(diagonal), 8.6 mm [variance component (VC) estimation],
and 8.6 mm (operator/software impact, OSI). On the one
hand, the OSI model, i.e. the inclusion of off-diagonal ele-
ments in the cofactor-matrix, considers the reapplication of
observations yielding a factor of about two for mean for-
mal errors as compared to the diagonal approach. On the
other hand, the combination based on VC estimation shows
large differences among the VCs and exhibits a comparable
scaling of formal errors. Thus, for the combination of tro-
posphere parameters a combination of the two extensions of
the stochastic model is recommended.

Keywords VLBI · Troposphere parameters ·
Intra-technique combination

1 Introduction

The continuous Very Long Baseline Interferometry (VLBI)
campaign 2008 (CONT081) was a 15-day period of con-
tinuous geodetic VLBI observations accompanied by other
techniques motivated by the International VLBI Service for
Geodesy and Astrometry (IVS). Eleven stations of the IVS
network took part during August 12–26, 2008. Like previous
CONT campaigns, such as CONT05, CONT02, CONT96,
this technically very demanding campaign allows a variety
of specific scientific investigations including detailed analy-
ses of the troposphere parameters.

The four types of troposphere parameters defined at a
specific station are (in mm):

– Zenith hydrostatic delay (Z H D) or zenith total delay
(Z T D = Z H D + Z W D),

– Zenith wet delay (Z W D),
– North–south gradient (G N ), and
– East–west gradient (G E ).

Actually these parameters account for the total non-dis-
persive effects of the entire atmosphere on the measurement
signal and thus should be named non-dispersive or neutro-
sphere (neutral atmosphere) parameters. However, due to the
increasing gas density, the troposphere contributes the largest
effects and in particular contains almost all of the humidity,
i.e. water vapor and clouds. Thus, the incorrect term tropo-
sphere parameter is justified and will be kept here for the
sake of continuity.

The well-known neutral atmosphere delay model of space-
geodetic techniques at radio wavelengths, such as VLBI,
GNSS (Global Navigation Satellite Systems), and DORIS

1 http://ivscc.gsfc.nasa.gov/program/cont08/.

(Doppler Orbitography and Radiopositioning Integrated by
Satellite)

L (ε, a) = m fh (ε) · Z H D + m fw (ε) · Z W D +
+ m fg (ε) · [G N · cos (α) + G E · sin (α)] (1)

relates the troposphere parameters to the observed delay in
line-of-sight L depending on the elevation ε and azimuth
angles α and the known mapping functions: the hydrostatic
mapping function m fh , the wet mapping function m fw, and
the gradient mapping function m fg . The hydrostatic part
Z H D contributes about 90% of the delay in the zenith direc-
tion. Z H D ( mm) can be very precisely computed using the
surface air pressure p (hPa)

Z H D = 2.2768 ± 0.0005 · p

1 − 0.00266 · cos (2ϕ) − 0.00028 · h
(2)

where ϕ denotes the latitude and h the height above the geoid
( km) of the phase center of the geodetic instrument (Davis
et al. 1985). The latitude and height do not have to be known
precisely for the evaluation of the above equation. Thus, the
surface air pressure contributes the dominant factor for the
uncertainty of Z H D. There is no appropriate determinis-
tic model to compute the remaining non-hydrostatic part,
mostly caused by the dipole-moment of water vapor and thus
referred to as the wet part (Z W D). Therefore, parameters of a
wet troposphere model are estimated along with the geodetic
parameters.

It has been shown that Z W Ds obtained by space-geo-
detic techniques can improve meteorological models and can
provide an independent validation method for climate time-
series (Elgered 2001; Heinkelmann 2008). For geodesy tro-
posphere parameters are at least indirectly relevant, since
troposphere parameters, geodetic parameters, such as the sta-
tion positions, and other groups of parameters, can be sig-
nificantly correlated (cf Nothnagel et al. 2002). In contrast
to the station coordinates, which are usually defined con-
stant over the duration of the VLBI-session, the troposphere
parameters are defined with a much higher temporal resolu-
tion. Hence, the troposphere parameters reflect sub-diurnal
effects and have the potential to absorb short-period fluctua-
tions and systematics of other parameters, such as the station
coordinates, as well. Due to these characteristics, the tro-
posphere parameters contribute important information about
the consistency of the entire solution. Recognizing this, the
IVS has monitored troposphere parameters of the ongoing
rapid-turnaround type of session (IVS-R1, IVS-R4) since its
start in 2002 (Böhm et al. 2002). IVS combined series of
troposphere parameters are determined and provided to the
user community. The IVS troposphere products are a long-
term combination2 with the focus on climate applications

2 http://www.dgfi.badw.de/?196.
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Table 1 The ten IVS Analysis
Centers contributing input data
to this special issue

IVS AC Institution

AUS Geoscience Australia, Canberra, Australia

BKG Bundesamt für Kartographie und Geodäsie, Leipzig, Germany

CGS Centro di Geodesia Spaziale, Matera, Italy

DGFI Deutsches Geodätisches Forschungsinstitut, Munich, Germany

GSFC NASA Goddard Space Flight Center, Greenbelt, USA

IAA Institute of Applied Astronomy, St. Petersburg, Russia

IGG Institute of Geodesy and Geophysics, Vienna, Austria

INA Istituto di Radioastronomia, Istituto Nazionale di Astrofisica, Bologna, Italy

MAO Main Astronomical Observatory, National Academy of Sciences of Ukraine, Kiev, Ukraine

OSO Onsala Space Observatory, Chalmers University of Technology, Onsala, Sweden

(Heinkelmann et al. 2007) and a rapid combination3 based
on models and analysis options defined by IERS Standards.
Since 2002, the combination model of the IVS rapid tropo-
sphere product (Schuh and Böhm 2003) has not been revised,
and the deviations among the contributing ACs were found
to slightly increase, which could be caused by increasingly
different models applied by the ACs (Heinkelmann 2009).

Within the scope of this article, we investigate possi-
ble improvements of the combination model of troposphere
parameters: on the one hand, systematics caused by different
analysis options are accounted for applying empirical cor-
rections; on the other hand, analysis and model noise intro-
duced by the ACs are considered by an extended stochastic
model of intra-technique combination. In the next section,
the troposphere data provided by the individual ACs are pre-
sented, and pre-processing steps are described. Thereafter,
the individual AC solutions are compared with each other
and with a mean series to empirically assess the quality of
the reported troposphere parameter time-series and to reject
outliers. Then, various model impacts are highlighted, and
corresponding corrections are derived. The empirical mea-
sure of the quality of the reported series is thereafter com-
pared with the theoretical formal errors obtained by various
extended combination models, which are introduced in the
following section. In the last section, we conclude our inves-
tigations with recommendations and finish with an outlook
on possible further extensions of the intra-technique tropo-
sphere combination model.

2 Input data and pre-processing

The input data are time-series of the troposphere parameters
(Z T D, Z W D, G N , and G E ) and formal errors of the tro-
posphere parameter estimates (σZ W D, σG N , σG E ) provided
by ten IVS ACs (Table 1). Depending on the software and
the operator, the following models and parameterizations

3 http://www.dgfi.badw.de/?194.

are applied for the estimation of zenith delays: continu-
ous piece-wise linear function (PWLF) using least-squares
estimation in the Gauss–Markov model (cf Koch 1997);
a random walk stochastic process (RW) applying the
Kalman-filter (cf Gelb 1974); the Square Root Information
Filter (Bierman 1977); or the least-squares collocation tech-
nique (Titov and Schuh 2000). The gradients are estimated
with similar models. The temporal resolution of the zenith
delays is conventionally fixed to 1 h at integer UT hours. The
gradient epochs are also defined at integer UT hours, but the
temporal resolution and parameterization are left to the ana-
lyst. While in the Gauss–Markov-model, the parameters can
be directly defined at the conventional epochs with 1 h dura-
tion, the filter and least-squares collocation techniques pro-
vide estimates at the observation epochs. The corresponding
ACs then report mean values of the estimates within intervals
of 1 h duration around the conventional epochs. The main
difference between the approaches is that the observations
contributing to one parameter in the case of the Gauss–
Markov-model are simultaneously adjusted introducing
correlations between the observations, while if applying one
of the other techniques, the computation depends only on
the specific observation, and no correlations appear between
observations. The following pre-processing of the input data
is done:

(i) Apart from the other ACs, AUS provides the original
output of the RW process: one troposphere parame-
ter estimate per observation and no formal errors. The
estimates are averaged to the conventional 1-hourly
bins centered at integer UT hours. For the formal errors
empirical values are introduced, determined by the
standard deviation of the estimates within the hourly
intervals.

(ii) IGG delivers troposphere parameters with a 30 min
resolution. Both zenith delays ZWDs and ZTDs) are
averaged to the conventional 1-hourly interval by a
simple approach:
Z Dt = 1/4 · (Z Dt−0.5h + 2 · Z Dt + Z Dt+0.5h) with
t = 0U T, 1U T, . . . , 23U T of each day and small

123

http://www.dgfi.badw.de/?194


380 R. Heinkelmann et al.

adaptations at the beginning and at the end of the
CONT08 time span. The same procedure is applied
to the corresponding formal errors for the IGG data.

(iii) Some of the ACs that apply the Gauss–Markov-model
(BKG, DGFI, GSFC, IGG, INA, and OSO) also report
troposphere parameters at epochs without observa-
tions. Parameters that are determined purely by the
constraints are considered as unreliable and are elim-
inated.

(iv) In the case of IAA and MAO, some of the troposphere
parameters in the beginning of a session are occasion-
ally missing or show significantly larger formal errors
as compared to the average level of formal error of
the AC. IAA performs outlier detection and, hence,
does not forward certain estimates. Besides the con-
ventional analysis on a session-by-session basis, IAA
also provides a solution where the CONT08 sessions
are analyzed all together. In this solution outliers and
significantly larger formal errors are found only in the
beginning of the entire CONT08 period, i.e. in the
beginning of the first session. The effects are caused
by the application of the filter process in which the
initial values differ significantly from the real tropo-
sphere conditions and the filter is applied only in for-
ward mode. This effect can be avoided if a backward
filter is applied after the forward filter. For our inves-
tigations, the conventional (session-wise) solution of
IAA is used, and unreliable troposphere parameters in
the beginning of each session are considered as outli-
ers. Similar but smaller effects are seen in the MAO
data.

(v) Another pre-processing step handles overlapping esti-
mates at the transition from one session to the next.
For example, this is the case for BKG gradients. BKG
reports two estimates at the same epoch, one at the end
of a session and another at the beginning of the next
session. To ensure a unique value for each epoch, the
overlapping values are averaged.

(vi) At the last pre-processing step, any missing values
are artificially filled and marked as outliers so that an
equally spaced time grid with one-hourly sampling
underlies each input series of each parameter and AC.
A one-hourly series is also generated for the gradi-
ents after lower resolved estimates are interpolated in
an appropriate way. These input data are used for the
following comparisons.

3 Comparison of troposphere parameters provided
by various IVS Analysis Centers

In this section, the one-hourly sampled input data are com-
pared to each other and to an unweighted epoch-wise mean.

The comparison allows identification of systematics caused
by varying analysis options and detection of outliers which
could otherwise significantly distort the determination of the
stochastic model of the combination (Sect. 4). Before the out-
lier detection, systematic effects caused by different analysis
options are identified and considered.

3.1 Effects caused by inconsistent analysis options

The term analysis option denotes any relevant decision or
choice taken during the course of analysis. An analysis option
belongs to one of the four categories:

– Meteorological data used for the analysis,
– Models,
– Parameterizations and constraints, or
– Data editing, i.e. elimination or reweighting of

observations.

Some of the VLBI analysis options significantly affect
the troposphere parameters. Heinkelmann (2008) identified
significant effects on the troposphere parameters based on
VLBI observations between 1984 and 2008 when applying
the models available about mid-2008. It is uncertain whether
these effects apply exactly for the CONT08 campaign; there-
fore, they are used as reference but are revised in this sec-
tion. Some analysis options which can systematically affect
the troposphere estimates were conventionally fixed for the
analysis and are therefore common to all ACs: (i) the gradi-
ent model is MacMillan (1995), (ii) the station coordinates
are adjusted together with the troposphere parameters, and
(iii) troposphere parameters are defined at integer UT; the
zenith delays have an hourly resolution (see Sect. 2). The
other analysis options were left to the analyst’s choice, either
because none of the available options is undoubtedly supe-
rior, or because a specific option is not available to all ACs.
The different analysis options of the ten IVS ACs relevant for
the determination of troposphere parameters are summarized
in Tables (2, 3, 4). Stochastic (noise) differences are consid-
ered in the combination model (Sect. 4). This section deals
with the determination of empirical corrections for determin-
istic (systematic) differences caused by inconsistent analysis
options. To assess systematic effects on troposphere param-
eters, we sequentially vary models, parameterizations and
constraints, and data handling used for an otherwise iden-
tical solution. Other analysis options are expected to have
no significant systematic impact on the estimation of tropo-
sphere parameters, and therefore are not considered here.

3.1.1 Meteorological data

Z H Ds show pronounced diurnal and semidiurnal signals
at Hartebeesthoek (Fig. 1), Kauai, and Tsukuba (not shown
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Table 2 Relevant models and
meteorological data used by the
ten contributing IVS Analysis
Centers

Acronyms are explained in the
text.
* At first the DGFI solution was
provided using non-zero apriori
gradients (MacMillan and Ma
1998). For the sake of consis-
tency a solution with zero
apriori gradients was computed
and used for the combination

AC TRF Mapping Gradients Substitute for
a priori functions a priori local met data

AUS ITRF2000 VMF1 Zero GPT model (Böhm et al. 2007)

BKG VTRF2008 VMF1 Zero Standard model (Berg 1948)

CGS ITRF2000 NMF Zero Standard model (Berg 1948)

DGFI VTRF2008 VMF1 Zero* Numerical weather model

GSFC VTRF2008 VMF1 Zero Numerical weather model

IAA VTRF2008 VMF1 Zero Numerical weather model

IGG ITRF2005 VMF1 Zero GPT model (Böhm et al. 2007)

INA ITRF2000 NMF Zero Standard model (Berg 1948)

MAO ITRF2000 NMF Zero GPT model (Böhm et al. 2007)

OSO VTRF2008 NMF Zero Standard model (Berg 1948)

Table 3 Troposphere parameterization and constraints of the ten contributing IVS Analysis Centers

AC Zenith delays Gradients

parameterization Constraints parameterization Contraints

AUS 1-h mean of RW – 1-h mean of RW –

BKG 1-h PWLF Offset: – 24-h offset Offset: 0.5 mm

Rate: 15 mm/h 24-h rate Rate: 2.0 mm/24h

CGS 1-h PWLF Offset: – 3-h offset Offset: 5.0 mm

Rate: 15 mm/h 3-h rate Rate: 2.0 mm/24 h

DGFI 1-h PWLF Offset: – 24-h offset Offset: 0.5 mm

Rate: 10 mm/h 24-h rate Rate: 2.0 mm/24h

GSFC 1-h PWLF Offset: – 8-h offset Offset: 0.5 mm

Rate: 15 mm/h 8-h rate Rate: 2.0 mm/24 h

IAA 1-h mean of RW – 1-h mean of RW –

IGG 1-h averaged PWLF Offset: – 2-h PWLF Offset: –

Rate: 15 mm/h Rate: 2.0 mm/24 h

INA 1-h PWLF Offset: – 24-h offset Offset: 0.5 mm

Rate: 15 mm/h 24-rate Rate: 2.0 mm/24 h

MAO 1-h mean of RW – 1-h mean of RW –

OSO 1-h PWLF Offset: – 6-h offset Offset: 2.0 mm

Rate: 6 mm/h 6-h rate Rate: 2.0 mm/24 h

Acronyms are explained in the text. Only the constraints of the ACs using the Gauss–Markov-model (GMM) are given. Although, the stochastic
model of the RW-process applied with the filter or collocation techniques affects the estimates in a way similar to the constraints of the rate relative
to zero used in the GMM, the values cannot be compared directly and are omitted

here) and generally agree very well among the ACs at most
of the sites. The diurnal and semidiurnal signals are due to
S1 and S2 atmospheric surface pressure tides caused by ther-
mal heating of the sun (Jin et al. 2008). However, Z H Ds
provided by DGFI are systematically smaller at some sites
by up to 15.4 mm (at Svetloe). DGFI uses the readings of the
local pressure sensor with the mean pressure level shifted
to the corresponding mean pressure level given through
the ECMWF (European Centre for Medium-Range Weather
Forecasts) ERA40 or operational analysis. The constant

offsets are determined by the entire history of pressure
records considering all valid local pressure observations of all
available VLBI sessions and breaks are introduced in case of
significant jumps of the running mean value (Heinkelmann et
al. 2005). The smaller mean value of Z H Ds in the example
of Svetloe is almost totally compensated through the Z W D
estimates (14.9 mm), yielding no significant mean change
of Z T Ds (−0.5 mm). The large Z H D offset of −15.4 mm
follows from a large difference of the mean ECMWF pres-
sure of −6.7 hPa with regard to the mean of the local surface
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Table 4 Data editing and reweighting of the ten contributing IVS
Analysis Centers

AC Cutoff elevation Downweighting Reweihting
angle of low observations of observations

AUS 5◦ cos (90◦ − ε) below 10◦ –

BKG 5◦ – –

CGS 3◦ – –

DGFI – – Tesmer (2004)

GSFC 3◦ – –

IAA – cos2 (90◦ − ε) below 10◦ –

IGG – – –

INA 5◦ – –

MAO – – –

OSO 5◦ – –

Acronyms are explained in the text. Since there are no observations
performed below 5◦ elevation during CONT08, the differing cutoff
elevation angles are irrelevant
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Fig. 1 Z W D differences (top) to the unweighted mean of all ACs
and derived Z H Ds (bottom) at station Hartebeesthoek, South Africa,
provided by various IVS ACs. At this and other sites (not shown here),
the ZHDs show pronounced semidiurnal signals

pressure readings. At most of the stations, unexplained breaks
of the running mean value of the pressure readings can be
found during the course of time. For example at Zelenchuks-
kaya, a pressure break of 11.4 hPa occurred in mid-2007.
Since no meta data about the break are available, it is impos-
sible to decide which running mean value is the correct one.
A break of 11.4 hPa corresponds to a shift of the height of
the pressure sensor of about 90 m. A relocation with such a
large height difference is very unlikely. Since such breaks
have occurred at almost all sites and calibrations of the local
pressure sensors are rather rare, DGFI considers the mean

pressure realized by the ECMWF weather model to be more
globally consistent and more reliable. During CONT08 no
meteorological data were recorded at Zelenchukskaya. The
ACs use different methods to substitute the missing pressure
values at Zelenchukskaya (Table 2), which is why Z H Ds at
this specific site differ significantly (Fig. 2). For Zelenchuks-
kaya GSFC, IAA, and DGFI replace the missing pressure val-
ues by values from a numerical weather model (NWM), such
as ECMWF. The GSFC Z H D values are additionally offset
by about 3.6 mm. BKG, CGS, INA, and OSO apply a con-
stant value of about 882 hPa taken from a standard model of
the atmosphere (Berg 1948). While IGG applies the empir-
ical meteorological model GPT (Böhm et al. 2007), AUS
uses some constant value close to GPT. The MAO Z H D
values are close to GPT also but show some variations at
higher frequencies. As shown by Heinkelmann et al. (2009)
values derived from NWMs, such as ECMWF interpolates
that are provided by IGG4, are a valid substitute for miss-
ing pressure data. Constant values or other models are not
recommended for precise VLBI analyses. During CONT08
and for station Zelenchukskaya, the difference between GPT
and ECMWF pressure is larger than the difference between
standard pressure (Berg 1948) and ECMWF. The inconsis-
tent substitution for missing meteorological data by different
ACs causes the largest differences on Z H Ds. At the other
sites, where pressure values of local sensors provided by
IVS are consistently used by the ACs, Z H Ds agree very
well (Fig. 1). The top panels of Figs. 1 and 2 show the
Z W D differences for each point between the specific AC
and the unweighted mean of the ACs. The Z W D estimates at
Zelenchukskaya clearly reflect the usage of different pressure
values. For the “combined” Z W Ds this effect is irrelevant,
because the “combined” Z W Ds are obtained by subtracting
the DGFI Z H Ds from the combined Z T Ds after the Z T Ds
are combined.

As seen in Eq. 2, the accuracy of Z H Ds depends directly
on the accuracy of the surface air pressure. Compared to
Z T Ds, Z W Ds depend much more on the accuracy of
Z H Ds. This is due to the fact that Z H Ds are the a priori val-
ues for the estimation of the Z W D residuals. Thus, Z H Ds
and Z W Ds show a large negative correlation of about −0.9,
a value which depends on the difference between the hydro-
static and wet mapping functions (Heinkelmann 2008). Since
Z T Ds are the sum of Z W D and Z H D, the correlation with
the Z H Ds is significantly less but cannot be neglected. The
reported formal errors of Z W D estimates consider neither
the precision nor the accuracy of surface pressure; thus, they
are not valid uncertainties of the Z W Ds. For the accuracy
of Z W Ds and Z T Ds, the accuracy of the pressure must
be considered. While the precision of a pressure sensor is
specified by the manufacturer, the accuracy of the pressure

4 http://ggosatm.hg.tuwien.ac.at/DELAY/.
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Fig. 2 Z W D differences (top) to the unweighted mean of all ACs and
derived Z H Ds (bottom) at station Zelenchukskaya, Russia, provided by
various IVS ACs. At this particular station, no surface air pressure was
recorded during CONT08. The differing Z H Ds and a significant part
of the Z W D differences arise from the various methods of substituting
missing pressure values

is not given and not easily derivable. If, for example, the
pressure is supplied by a local pressure sensor, the accu-
racy of the sensor assessed by calibration and the effects of
spatial and temporal interpolations were to be considered
involving the quality of the models used for the interpola-
tion. However, pressure sensor calibrations at the geodetic
VLBI sites are rare. If the pressure at a site is taken from a
NWM, the pressure is obtained by a complex intertwining
of many met sensors and the dynamics of the NWM, and
the error depends on the location of the sensor within the
NWM analysis grid as well. Among various NWMs, differ-
ences are seen as well which can give only a lower bound
on the accuracies of the NWMs. Lacking more informa-
tion about the pressure, we have to assume a certain aver-
age accuracy of the pressure; a rather conservative assump-
tion for the pressure accuracy would be 2 hPa. Consequently,
for the uncertainty of Z W Ds, we use the reported formal
errors of Z W D estimates (σZ W D) but uniformly increase it

by 4.6 mm applying Eq. 2 (̃σZ W D =
√

σ 2
Z W D + 4.62mm2).

The corresponding increase of the uncertainty of Z T Ds is
0.4 mm.

3.1.2 Models

3.1.2.1 TRF Several terrestrial reference frames (TRF) are
used by the ACs to generate session-wise apriori values
for station coordinates: ITRF2000 (Altamimi et al. 2002),
ITRF2005 (Altamimi et al. 2007), and the VLBI contribu-
tion to the ITRF2008 called VTRF2008 (Böckmann et al.
2010). The effect on Z W Ds of using the various apriori TRF
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Fig. 3 Effects of various apriori TRFs and handling of TRFs on the
estimated troposphere parameters at Wettzell. “VTRF2008fix” denotes
a solution based on the same TRF (VTRF2008) but without estimat-
ing session-wise adjustments to the station coordinates. With the other
approaches, station coordinates are adjusted along with the troposphere
parameters

is negligible if the station coordinates are adjusted by session
during parameter estimation. Fixing the station positions on
session-wise, a priori values specified through the respective
catalogue could significantly affect the troposphere parame-
ters (Fig. 3).

3.1.2.2 Mapping functions The ACs of IVS apply the Vienna
Mapping Functions 1 (VMF1), Böhm et al. (2006), cur-
rently recommended by IERS (2004), or the New Mapping
Functions (NMF), Niell (1996). Switching from NMF to
VMF1 causes systematic effects (Fig. 4). Although using
NMF instead of VMF1 for CONT08 systematically affects
the zenith delays, the gradient estimates vary around zero.
The maximum mean change of −1.9 mm and a maximum
increase in standard deviation of 1.4 mm, both for Z T Ds, can
be found using NMF at Tsukuba, Japan. Assuming VMF1
gives the better result, the differences between two identical
DGFI solutions, one with NMF and the other with VMF1,
are used as empirical corrections for the zenith delays of the
ACs using NMF (CGS, INA, MAO, OSO).

3.1.2.3 Apriori gradients DGFI initially used the total atmo-
sphere gradients based on the GSFC NWM DAO (MacMillan
and Ma 1998) as apriori gradients, while the apriori gradi-
ents of the other ACs are zero. Effects of a priori gradients on
the troposphere parameters are very small during CONT08
(Fig. 4), but can reach very large values at some sites before
1990 (Heinkelmann 2008). Instead of correcting the DGFI
solution, another DGFI solution with zero apriori gradients
was computed and used for the combination. Using differ-
ent apriori gradients results in different adjusted gradients,
which is due to the application of constraints.
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Fig. 4 Effects of mapping functions and apriori gradients on the esti-
mated troposphere parameters at Wettzell. The adjusted gradients differ
depending on the apriori gradients; this is due to the application of con-
straints

−10

−5

0

5

10
WETTZELL

Z
W

D
 (

m
m

)

−2

−1

0

1

G
N

 (
m

m
)

BKG/INA − DGFI
CGS − DGFI
GSFC − DGFI
IGG − DGFI
OSO − DGFI

225 230 235 240
−2

−1

0

1

2

doy 2008

G
E
 (

m
m

)

Fig. 5 Effects of parameterizations and constraints applied by several
ACs on the estimated troposphere parameters at Wettzell. The param-
eterization and constraints of the other ACs using the Gauss–Markov-
model are tested at DGFI with the OCCAM software against the solu-
tion of DGFI. BKG and INA apply identical parameterization and con-
straints for the troposphere parameters

3.1.3 Parameterizations and constraints

Apart from the other analysis options, the impact of differ-
ing parameterizations and constraints of the ACs that apply
the Gauss–Markov-model (Table 3) is assessed in one step
because it is not possible to gather the entire effect from
sequential variation. This category of analysis options does
not cause systematics but contributes significantly to the
noise component (Fig. 5).
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Fig. 6 Effects of data handling applied by several ACs on the estimated
troposphere parameters at Wettzell. The various data handlings of other
ACs are tested at DGFI with the OCCAM software and compared with
the solution of DGFI

3.1.4 Data handling

The cutoff elevation angle applied by the ACs varies between
0◦ and 5◦. Since there are no observations below 5◦ eleva-
tion during CONT08, the use of different cutoff elevation
angles is irrelevant. Some ACs additionally or alternatively
apply a downweighting of observations, below 10◦ elevation.
Figure 6 shows the impact of data handling on the tropo-
sphere parameters. The downweighting using cos2 (90◦ − ε)

exhibits the largest effects followed by the cos (90◦ − ε)

downweighting. The extended stochastic model applied by
DGFI (Tesmer 2004) generally causes smaller differences
with regard to the solution without data editing. The gradient
estimates are affected more than the Z W D by the handling
of low elevation data because the gradient mapping func-
tions show stronger dependence on the elevation angle than
the mapping functions of the zenith delays. No systematic
effect can be found for Z W D when varying the data edit-
ing. Nevertheless, the noise contribution is again found to be
significant (Fig. 6).

3.1.5 Remaining differences

Comparing the mean of the standard deviations of the ACs
to the unweighted mean of the ACs for Z W Ds at vari-
ous sites (Table 5), significant differences can be observed.
At Ny-Å lesund (2.5 mm) and Wettzell (2.8 mm) very small
standard deviations occur, while at Zelenchukskaya (6.9 mm)
and Tsukuba (6.2 mm) the standard deviations are more than
twice as large. The large mean of the standard deviation of
Z W Ds at Zelenchukskaya is caused by the different Z H Ds
due to inconsistent treatment of pressure values. At Tsu-
kuba, the mean value of Z W Ds is about twice as large
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Table 5 Empirical statistics
derived through comparisons of
the input series

Station-wise standard deviations
of the constant offsets of the
ACs with regard to the
unweighted mean (’bias’) and
station-wise mean values of the
empirical standard deviations of
the ACs with regard to the
unweighted mean (’stdev’). The
last row (’mean’) gives the mean
of the values in the above
columns

IVS site Z T D Z W D G N G E

Bias Stdev Bias Stdev Bias Stdev Bias stdev

HARTRAO 1.8 5.5 1.9 5.5 0.3 0.5 0.1 0.5

KOKEE 2.1 4.9 2.3 4.7 0.2 0.5 0.1 0.4

MEDICINA 3.6 4.5 3.7 4.5 0.2 0.4 0.1 0.3

NYALES20 2.6 2.4 2.5 2.5 0.1 0.3 0.1 0.3

ONSALA60 3.7 2.9 3.9 2.9 0.1 0.3 0.1 0.3

SVETLOE 3.5 4.3 6.3 3.9 0.1 0.3 0.1 0.3

TIGOCONC 6.9 5.4 6.7 5.1 0.2 0.4 0.2 0.4

TSUKUB32 3.8 7.2 4.2 6.2 0.2 0.6 0.1 0.5

WESTFORD 3.0 4.5 3.0 4.6 0.1 0.5 0.1 0.4

WETTZELL 3.1 2.8 3.1 2.8 0.1 0.2 0.1 0.3

ZELENCHK 3.6 6.2 6.0 6.9 0.3 0.6 0.1 0.5

Mean 3.4 4.6 4.0 4.5 0.2 0.4 0.1 0.4

(290 mm) as at the other ten sites. Thus, the relative standard
deviation as compared to the mean size of the parameter
remains the same. However, large standard deviations are
not always accompanied by large mean values of Z W Ds: at
Hartebeesthoek (70 mm) and Kauai (90 mm) the mean val-
ues are small but the standard deviations of 5.5 and 4.7 mm,
respectively, are rather large. Whenever the reported formal
errors of Z W Ds are large, the reported formal errors of the
gradients are large, too. Gradient estimates show larger vari-
ations than zenith delays among the ACs relative to the mean
size of the parameter, which usually lies between ±2 mm
for the gradients and between 55 and 240 mm for Z W Ds
(dry and wet atmospheric conditions). The reported for-
mal errors of gradient estimates are sometimes very small.
Thus, to prevent numerical problems, 0.01 mm is added to
the gradient formal errors. The comparison of gradient esti-
mates (G N , G E ) shows that a combination of the reported
gradients cannot provide meaningful results. Before gradi-
ent estimates can be combined, a common parameterization
would need to be defined because the interpolation between
estimates of various temporal resolutions causes large scat-
ter. Furthermore, the reported adjusted gradients depend on
the apriori gradients (Fig. 4). To avoid this effect, the con-
straints have to be omitted or the weights of the constraints
have to be significantly reduced, and the apriori zero gra-
dients should be replaced by apriori total gradients, such as
the DAO total apriori gradients (MacMillan and Ma 1998).
Z T Ds of MAO show significant offsets at some sites (not
shown here), e.g. at Concepción (18.3 mm) and at Onsala
(−9.7 mm), which are not caused by different pressure values
since the Z H Ds show only very small or no significant
offsets. These offsets are probably caused by inconsistent
handling of other correlated parameters, such as the clock

parameters. Several analysis software packages are used for
geodetic VLBI5: CALC/SOLVE of various versions; MOD-
EST; OCCAM appears in various distributions, mainly
independently developed; SteelBreeze; and the recently
developed VieVS. The IVS is currently comparing the dif-
ferent software packages on a simulated dataset (Plank et al.
2010). The analysis software is not an analysis option in the
genuine sense because it is uncommon for ACs to run more
than one analysis software for the same technique in paral-
lel. Since all well defined options are considered separately,
the differences caused by the application of various software
packages are due to a large number of small deviations, such
as different numerical realizations of the involved models,
partial derivatives, and other computational issues. If a large
number of options affects the estimates to about the same
small extent, it is very likely that systematics cancel each
other, what is mathematically described by the central limit
theorem. Accordingly, such an integrated effect is much more
likely to cause noise than systematic differences.

3.2 Outlier treatment

The outlier treatment is the step before combination through
which robustness can be achieved. Since there is no deter-
ministic model describing the temporal behavior of the tropo-
sphere parameters during two weeks of time, outliers cannot
be identified with regard to a model; they have to be iden-
tified in the sense of abnormal behavior of an individual
input with regard to the average behavior of the input. At
this stage, the average behavior must be approximated by an
unweighted mean of the input data because no weights have

5 http://ivscc.gsfc.nasa.gov/analysis/index.html.
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been determined yet, and the determination of meaningful
weights should be performed on an outlier-free observational
basis. The detection of outliers could be empirically achieved
by visual inspection, because the data size is not too large.
Nevertheless, since visual inspection is rather subjective,
a data snooping algorithm has been applied: the individual
estimate of an AC is compared to the mean of the estimates
of the other ACs at the same epoch. If the absolute value of
the difference of the estimate and the mean value exceeds
the κ-fold standard deviation of the estimates at the specific
epoch, the reported estimate of the AC will be rejected. For
the threshold factor, κ , various values between 2.5 and 5 are
tested. Finally, a threshold of 3 (κ = 3) is adopted because
it enables the data snooping algorithm to detect all visually
identified outliers and avoids wrong detections. On the basis
of this 3-σ -algorithm, the identified outliers are eliminated.

Through the comparison, it is also possible to derive
an empirical quality measure for the reported troposphere
parameters which will be used to validate the theoretical for-
mal errors determined by the various combination processes
(Sect. 4). The mean of the standard deviations of the individ-
ual AC with regard to an unweighted mean of the ACs over all
stations represents an empirical measure of the agreement of
VLBI-derived troposphere parameters during CONT08. The
mean of the standard deviations of the ACs with regard to
the unweighted mean of the ACs over all stations is (4.5, 4.6,
0.4, 0.4 mm) for (Z W Ds, Z T Ds, G N , G E ).

4 Intra-technique combination of troposphere
parameters

Combinations in geodesy belong to one of the following
types:

1. Combination on the observation equation level,
2. Combination on the normal equation level (Angermann

et al. 2004), or
3. Combination on the level of parameter estimates.

For intra-technique combinations, the combination on the
observation level (1.) is meaningless, because the observa-
tions are identical. Compared to the parameter level (3.), the
normal equation level (2.) is advantageous because this pre-
solution step allows the application of a unique datum for
the entire combined model in a consistent way and enables
the correlations between parameters to work within the entire
combined equation system. Since troposphere parameters are
not provided at the normal equation level, only the third type,
the combination based on parameter estimates, can be con-
sidered so far.

The main point of the paper is to present an improved
model for intra-technique combination of troposphere param-

eters. The improved combination model considers
systematics among the input data in terms of empirical cor-
rections (Sect. 3.1) and the operator/software impact (OSI;
Kutterer et al. 2009) through an extended stochastic combina-
tion model (Sect. 4.1). Due to the characteristics of the input
data, Z T Ds are combined and Z W Ds are derived from the
combined Z T Ds, whereas gradients are compared but not
combined.

4.1 Theoretical concept

In this section, the general mathematical model of intra-
technique combination is introduced; the results are compared
later (Sect. 4.2). The mathematical model can be applied
to the combination on the level of any parameter estimates,
not necessarily troposphere parameters. All of the following
combination models have the functional model in common
but differ in terms of the stochastic models. The following
stochastic models are considered for the Z T D combination:

1. The unweighted model,
2. The diagonal model,
3. The variance component model, and
4. The OSI model (Kutterer et al. 2009).

The unweighted model (1.) does not consider any stochas-
tic information. It is used here for comparison demonstrat-
ing the amount of impact the other stochastic models have
on the parameter estimates and on the formal errors. Model
(2.) straightforwardly considers the reported formal errors of
the ACs. If the reported formal errors are good approxima-
tions of the true uncertainties of the parameters, there will be
no significant difference as compared to the model (3.) with
additional VCs. Apart from the other three aforementioned
stochastic models, the OSI model (4.) considers the fact that
all ACs analyze the same original observations (reapplication
of observations). Furthermore, it allows determination of the
ratio of the observation noise to the analysis noise, which
is initially unknown, but important for a realistic stochastic
combination model.

The linear functional model of intra-technique combina-
tion in the Gauss–Markov-model reads as:

Āx = ∣

∣ l1 l2 · · · lk
∣

∣

T + v̄ = l̄ + v̄ (3)

where the input, li , are the Z T D parameters of the ACs. Each
is considered an observation and is placed into one com-
mon (3600 × 1)-dimensional observation vector l̄. The bar
denotes the common vector or common matrix. The number
of observations, n = 3600, and the number of unknowns,
u = 360, follow from the 24 1-hourly estimates in the 15
consecutive days of CONT08 provided by the k = 10 ACs.
The actual number of parameters per station can vary due to
epochs without observations. x denotes the (u × 1) vector of
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parameters and v̄ the (n ×1) vector of residuals. The (n ×u)

design-matrix Ā has a very simple shape:

Ā = |Iu . . . Iu |T (4)

It gathers ten identity matrices of dimension (u × u) Iu

together. In case of an outlier, the entry in the A-matrix cor-
responding to the specific AC and observation is zero, i.e.
outlying observations are eliminated. Apart from the trivial
cofactor matrix realizing an epoch-wise unweighted mean

Ql̄l̄ = In (5)

the most simple and straightforward stochastic model is:

Ql̄l̄ =

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

diag
(

σ 2
1

)

0 · · · 0

0 diag
(

σ 2
2

) . . .
...

...
. . .

. . . 0
0 · · · 0 diag

(

σ 2
k

)

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

(6)

where the operator diag (· · · ) denotes that the vector in
brackets is expanded to a diagonal matrix. The diagonal
model considers the given formal errors σi of the parame-
ter estimates of the i = 1, · · · , k ACs. With VCs α2

i

Ql̄l̄ =

∣

∣

∣

∣

∣
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∣

∣

∣

∣
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∣
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∣

∣

∣

∣

∣

(7)

the combined stochastic model is able to overcome a possible
different scaling of the formal errors provided by the ACs,
although with some more calculation effort. The method to
estimate global VCs, i.e. VCs independent from their initial
values, is described e.g. by Koch (1997). This approach is
broadly used for intra-technique as well as inter-technique
combinations in geodesy. If fast variance-component esti-
mation methods are applied, such as the Förstner (1979)-
method or the more recent Monte–Carlo-based method of
Kusche (2003), the computational cost stays acceptable for
most applications. The variance-component approach is used
to generate the combined troposphere parameters provided to
the Institute of Geodesy and Geophysics (IGG) for their fur-
ther comparisons with other techniques (see Teke et al. this
issue). Nevertheless, it has disadvantages in the case of intra-
technique combination because it does not account for the
reapplication of observations. To further refine, the stochas-
tic model of intra-technique combination, we follow Kutterer
et al. (2009), who explain the operator/software impact (OSI)
of an AC, �li , on the vector of original observations, l, which
all ACs initially have in common:

li = l + �li (8)

The first and second moments (E : expectation value, D:
dispersion) are given by:

E (�li ) = 0, D (�li ) = σ 2
0 Q�li �li (9)

With this approach the OSI is modeled as noise, i.e. it is
assumed that no systematics are introduced by the AC. Since
all significant systematics are considered through empirical
corrections in advance (Sect. 3.1), it can be considered that no
systematics are present among the AC’s solutions anymore.
Thus, it appears admissible to assume the aforementioned
characteristics (Eq. 9) for �li .

A common OSI-parameter ᾱ2 defines the OSI of each AC
to be of the same size. It can be obtained through

ᾱ2 = k
∑k

i=1
1
α2

i

(10)

where the unknown individual OSI-parameters α2
i are given

through
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(11)

and the variances, σ̂ 2
�li

, and covariances, σ̂�li �l j , (i < j),
are determined through the equation system
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which includes the additional restriction equation,
∑

σ̂�li �l j = 0, in the last line to prevent rank deficiency
(Fang 2007). The elements of the above matrix can be esti-
mated through

σ̂ 2
li = 1

u − 1

∑

(li − mean (li ))
2 and

(13)
σ̂li l j = 1

u − 1

∑

(li − mean (li ))
(

l j − mean
(

l j
))

where the mean (· · · ) operator denotes the arithmetic mean
of the elements of the vector in brackets. The hat above the
vector, σ̂ , enables distinguishing between the empirical esti-
mates of variances and covariances used here and the formal
errors, σ , reported by the ACs. Furthermore, the stochastic
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model is extended by off-diagonal elements assuming pair-
wise uncorrelated vectors l and �li :

Qli l j =
∣

∣ I I 0
∣
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∣

∣
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∣

Qll 0 0
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I
0
I

∣
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∣

∣

= Ql j li = Qll

(14)

yielding a cofactor matrix with block-diagonal structure
composed of a common part due to the identical original
observations and an individual part accounting for the anal-
ysis noise of the ACs:
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(15)

According to Kutterer et al. (2009), the following approach
with one global correction factor can be used:

Q�li �li = ᾱ2 · Qll (16)

modeling a global analysis noise level, ᾱ2, common to all
ACs.

4.2 Combination results

The VCs estimated with model (Eq. 7) exhibit large differ-
ences (Table 6) among the ACs. Since the VCs are estimated
considering the reported formal errors, they cannot be inter-
preted independent of the reported errors. Thus, besides the
VCs, Table (6) holds the product of the square root of the
VCs with the mean values of the reported formal errors of
the individual AC. This product is the actual square root of
the cofactors considered in the model with VCs. The products
show large differences, e.g. between 4.71 (DGFI) and 20.74
(MAO) at Concepción. AUS, IAA, MAO, and OSO show
larger products of mean formal errors with the square root of
the VCs, which coincide with the empirically assessed mean
offsets and standard deviations (Sect. 3). The products also
differ from station to station: no AC shows smallest or larg-
est values at all stations. Since VCs of AUS are in the order
of 10, the empirically determined formal errors of AUS are
about

√
10 times too optimistic. The last column in Table (6)

holds the mean value of the mean formal errors of the ACs
and the mean values of the product of the mean formal errors
and the square root of the VCs. Since the products are about
twice as large as the mean formal errors, the reported formal
errors are too optimistic in general.

Figure (7, left) shows the mean difference of Z T Ds of
all stations applying the stochastic combination models with
regard to the diagonal model (Eq. 6). All four models of
parameter combination provide equivalent results in terms of

the parameters. Mean parameter differences stay below
0.1 mm. The combined parameters themselves show only
very small differences, but the different stochastic models
significantly affect the formal errors of the combined param-
eters, which is illustrated in Fig. (7, right), where the relation
of the mean of the formal errors of all stations with respect
to the diagonal model show large differences. While the
unweighted combination provides the smallest formal errors,
about 50–60% of the size of the mean formal errors of the
diagonal model, the model with VCs and the OSI model are
up to twice as large as the corresponding mean formal errors
of the diagonal model.

Table (7) summarizes the relevant results. The common
OSI parameters, ᾱ2, vary between 2.24 (Medicina) and 3.29
(Zelenchukskaya) with a mean value of 2.65. They give the
ratio of the analysis to the observation noise. In the case of
Z T Ds, the analyses add noise of about 2.5 times the size
of the observational noise. At least for Zelenchukskaya, the
larger analysis noise is probably caused by the different treat-
ment of surface pressure.

The mean formal errors of the combination models
(Table 7) are derived from the final standard deviations of
the combined Z T Ds. The unweighted combination model
produces unrealistically small mean formal errors (2.34 mm).
Using the reported formal errors in the diagonal model results
in formal errors of the combined parameters of 4.37 mm,
about the same size as the empirical mean standard deviation
of reported Z T D (4.6 mm) derived in Sect. (3). Consider-
ing individual VCs in addition to the reported formal errors
yields about twice as large formal errors (8.60 mm). The reap-
plication of observations considered in the OSI model again
yields about twice as large formal errors (8.60 mm) indicat-
ing that neglecting the usage of the same observations leads
to too optimistic errors.

5 Summary and conclusion

(i) Despite recommendations, different methods are in
use for the substitution of missing pressure values. The
inconsistent application of surface air pressure data
in VLBI analyses causes the largest systematic effect
on estimated zenith delays. Since the reported Z W Ds
reflect the inconsistent usage of meteorological data,
the combined Z W Ds are not derived by a combina-
tion of the reported Z W Ds. The Z T Ds, which depend
much less on pressure inconsistencies, are combined
and one consistent series of Z H Ds, taken from the
DGFI solution, is subtracted for the derivation of con-
sistent combined Z W Ds. The reported gradients do
not allow for a meaningful combination. The conven-
tions on the analysis options have to include a param-
eterization of the gradients before these troposphere
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Table 6 Variance components (V Ci ) and mean values of the reported formal errors of Z T Ds (σi ) in mm

ZTD AUS BKG CGS DGFI GSFC IAA IGG INA MAO OSO mean

HARTRAO (Hartebeesthoek, South Africa)

V Ci 10.33 2.90 2.75 0.94 2.35 2.44 2.32 12.79 14.48 12.69 −
Mean (σi ) 2.62 3.53 3.29 6.15 3.44 8.33 3.24 3.32 2.90 3.01 3.98

Mean (σi )·√V Ci 8.42 6.01 5.46 5.96 5.27 13.01 4.94 11.87 11.04 10.72 8.27

KOKEE (Kokee Park, Kauai, Hawaii)

V Ci 8.09 7.01 2.69 1.45 5.30 3.51 4.70 8.08 13.52 11.84 −
Mean (σi ) 4.43 2.01 2.42 4.15 2.71 5.70 2.13 2.58 2.48 2.42 3.10

Mean (σi )·√V Ci 12.60 5.32 3.97 5.00 6.24 10.68 4.62 7.33 9.12 8.33 7.32

MEDICINA (Bologna, Italy)

V Ci 5.84 8.82 8.17 3.32 5.19 2.85 4.03 11.04 34.85 21.19 −
Mean (σi ) 3.94 1.87 1.76 2.52 2.09 5.07 1.87 1.73 1.73 1.82 2.44

Mean (σi )·√V Ci 9.52 5.55 5.03 4.59 4.76 8.56 3.75 5.75 10.21 8.38 6.61

NYALES20 (Ny-Ålesund, Spitsbergen, Norway)

V Ci 3.38 3.46 0.56 1.39 2.47 2.03 2.69 3.76 9.29 7.31 −
Mean (σi ) 2.50 1.97 1.64 3.20 2.02 4.91 1.91 1.60 1.77 1.73 2.33

Mean (σi )·√V Ci 4.60 3.66 1.23 3.77 3.17 7.00 3.13 3.10 5.39 4.68 3.97

ONSALA60 (Onsala, Sweden)

V Ci 4.61 4.07 1.35 1.18 3.44 3.04 3.21 2.94 17.56 11.70 −
Mean (σi ) 3.34 1.77 1.59 2.61 1.91 4.41 1.77 1.58 1.67 1.61 2.23

Mean (σi )·√V Ci 7.17 3.57 1.85 2.84 3.54 7.69 3.17 2.71 7.00 5.51 4.50

SVETLOE (St. Petersburg, Russia)

V Ci 6.05 3.89 4.06 3.77 2.94 1.74 2.98 4.23 30.43 11.05 −
Mean (σi ) 3.72 2.23 1.86 2.66 2.12 5.23 2.18 1.88 1.70 2.11 2.57

Mean (σi )·√V Ci 9.15 4.40 3.75 5.16 3.64 6.90 3.76 3.87 9.38 7.01 5.70

TIGOCONC (Concepción, Chile)

V Ci 10.06 2.80 1.34 0.52 2.19 3.02 3.27 9.01 23.37 17.34 −
Mean (σi ) 3.27 4.00 4.16 6.53 4.25 7.93 3.64 4.44 4.29 4.27 4.68

Mean (σi )·√V Ci 10.37 6.69 4.82 4.71 6.29 13.78 6.58 13.33 20.74 17.78 10.51

TSUKUB32 (Tsukuba, Japan)

V Ci 15.74 10.45 2.65 1.86 6.59 11.42 7.87 12.96 34.05 21.71 −
Mean (σi ) 4.06 2.13 2.25 5.67 2.62 5.79 2.09 2.32 2.28 2.40 3.16

Mean (σi )·√V Ci 16.11 6.89 3.66 7.73 6.73 19.57 5.86 8.35 13.30 11.18 9.94

WESTFORD (Haystack, USA)

V Ci 5.45 6.70 3.86 2.07 3.86 4.20 3.17 9.07 19.56 12.44 −
Mean (σi ) 3.63 2.15 2.03 2.05 2.43 5.42 2.02 2.04 2.04 2.08 2.59

Mean (σi )·√V Ci 8.47 5.57 3.99 2.95 4.77 11.11 3.60 6.14 9.02 7.34 6.30

WETTZELL (Wettzell, Germany)

V Ci 4.45 3.45 1.50 1.39 3.49 2.32 2.56 2.26 18.90 10.13 −
Mean (σi ) 2.87 1.73 1.47 1.88 1.78 4.64 1.77 1.44 1.64 1.53 2.07

Mean (σi )·√V Ci 6.05 3.21 1.80 2.22 3.33 7.07 2.83 2.16 7.13 4.87 4.07

ZELENCHK (Zelenchukskaya, Russia)

V Ci 16.97 2.96 6.61 0.40 5.61 3.19 5.16 4.45 29.70 12.37 −
Mean (σi ) 3.51 3.89 3.36 6.89 3.33 7.30 3.30 3.50 2.12 3.88 4.11

Mean (σi )·√V Ci 14.46 6.69 8.64 4.36 7.89 13.04 7.50 7.38 11.55 13.65 9.52

The product of the square root of the VC and the corresponding mean formal error (Mean (σi )·√V Ci ) equals the actual square root of the cofactor
determined by the variance component estimation
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Fig. 7 Mean impact of the various stochastic models on the combined parameters (left) and relations of the mean formal errors of the combined
Z T Ds with regard to the diagonal model (Eq. 6) (right)

Table 7 Common noise
parameters, ᾱ2, and mean
formal errors, σ̄ , of the
combined Z T Ds obtained by
the unweighted, diagonal,
variance components (VC), and
OSI models; units of the formal
errors are mm

The last row (‘mean’) gives the
mean of the values in the above
columns

Station ᾱ2 Unweighted σ̄ Diagonal σ̄ VC σ̄ OSI σ̄

HARTRAO 2.62 2.87 4.70 8.55 8.08

KOKEE 2.64 2.30 4.33 9.39 8.66

MEDICINA 2.24 2.36 4.91 12.37 10.21

NYALES20 2.45 1.27 2.75 3.82 6.22

ONSALA60 2.90 1.57 3.33 5.40 7.29

SVETLOE 2.41 2.00 4.08 8.32 8.41

TIGOCONC 2.71 3.64 5.43 7.93 8.20

TSUKUB32 3.06 3.19 6.01 15.57 12.26

WESTFORD 2.50 2.05 4.18 8.86 8.86

WETTZELL 2.35 1.38 3.14 5.06 7.13

ZELENCHK 3.29 3.15 5.16 9.29 9.29

Mean 2.65 2.34 4.37 8.60 8.60

parameters can be combined. In addition, the weights
of the gradient constraints have to be assessed in order
to make the adjusted gradients independent from the
apriori gradients. An appropriate apriori model for
total atmosphere gradients, such as the DAO gradients
(MacMillan and Ma 1998) should provide the basis for
a more precise gradient determination.

(ii) Although, the most relevant analysis options were
conventionally harmonized, significant differences
between IVS AC solutions can be found for some sites.
A combination of parameters based on different analy-
sis options without considering the effects would have
two major problems: the combination would be ambig-
uous, i.e. it would not be possible to specify a unique
model for the combination, and it would be incon-
sistent, i.e. systematic differences would be present
among the individual solutions leading to systematic
errors of the combination. A consistent combination
requires correcting all significant effects. The sequen-
tial variation of models allows the determination

of model impacts, which can be used to empirically
correct inconsistent model usage among the ACs to
a certain extent. The empirically corrected contribu-
tion of CGS obtains the smallest VC at some sites,
which shows that the differences between the usage
of NMF and VMF1 can be successfully corrected
with such an approach. Due to the correlations of
troposphere parameters with other groups of param-
eters, the empirical corrections determined in that
way are only admissible if these correlations stay
small. Thus, the application of the same models is
still the only way to ensure consistent results. Apart
from models, the impact of parameterizations and con-
straints must be assessed together in one step. Simu-
lating the parameterizations and constraints of other
ACs using the Gauss–Markov-model again implicitly
neglects the correlations with other parameter groups.
The various methods of data editing can cause further
significant effects: AUS and IAA contributions, for
example, show significantly larger standard deviations
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compared to the other ACs. The downweighting of
low elevation observations may be a reason for the
increased standard deviations and the relative large
VCs. The application of the random walk model for
zenith delays may be another reason for larger devi-
ations, which is also observable for the contribution
of MAO. Some of the observed significant differences
could not be explained by the usage of the consid-
ered analysis options. Those remaining differences are
probably due to different modeling of other correlated
parameters outside of the troposphere model, such as
the clock parameters.

(iii) If no reference model is available, the comparison
between more than two solutions provides the only
way to define and detect outliers. Increasing the num-
ber of solutions that are included for comparison, will
increase the significance with which outliers can be
identified. The outlier treatment is the analysis step
which leads to robustness (Kutterer et al. 2003), not to
reliability (Kutterer 2004), which is often incorrectly
referred in this context. The comparison provides
robustness, not the combination. If the combination
is done including unconsidered outliers, the combined
result will consist of a mixture of observations and
outliers, which may mask the actual outliers and thus
make it more difficult or even impossible to detect the
outliers afterwards.

(iv) The intra-technique combination works on the same
observations (reapplication of observations), hence, its
usefulness is not immediately evident and its appli-
cation has to be justified. The reasons working with
intra-technique combinations are not obvious from a
scientific point of view because the usage of the same
original observations does not add new information
to the equation system, it only reweights the obser-
vations. The same observations are analyzed by vari-
ous ACs in different ways adding more analysis noise
than probably necessary. As the determined common
noise parameters, ᾱ2, show the analysis noise is about
two and a half times larger than the observation noise.
Thus, the analysis noise is the dominant noise contrib-
utor. Standards, such as the IERS conventions, specify
state-of-the-art models to be used for analysis because
the models were found to be superior. Parameteriza-
tions are not standardized in the way models are, and
it is theoretically and empirically not simple to deter-
mine the optimal parameterization. If constraints are
to be applied, a variety of possibilities exist to define
what type and size of constraints are used. In princi-
ple, there are theoretical and empirical ways to find
optimal constraints. The same holds for the data edit-
ing methods which can be theoretically compared but
very often rely on empirically found threshold values.

If a mixture of all these analysis options is combined,
it will be difficult to interpret the characteristics of
the combination. In particular, a combination based
on various models, e.g. an obsolete and a new model,
is not desirable. In addition, the intra-technique combi-
nation procedure can be another possible error source,
if incorrectly performed. Most intra-technique combi-
nation algorithms neglect the reapplication of observa-
tions and other correlations among the input data and
thus provide formal errors that are unrealistic. Nev-
ertheless, intra-technique combinations are applied to
generate most of the official products of IVS, including
the troposphere parameters.

(v) The formal errors of the more realistic combinations
show that the reported formal errors are too optimis-
tic. One reason for the too small formal errors could be
the neglect of the accuracy of the surface pressure data.
If an additional noise level due to the estimated pres-
sure accuracy (2 hPa) of 4.6 mm is considered in addi-
tion (Sect. 3.1.1), the resulting uncertainty of 9.0 mm
gets much closer to the mean formal errors of 8.6 mm
derived by the more realistic combination models.

(vi) Identical observations are repeatedly used for every
intra-technique combination, thus, the combination
model should consider this. The inclusion of off-
diagonal cofactors modeling the reapplication of
observations in the OSI model does not significantly
affect the combined parameters, but in the case of
Z T Ds results in different mean formal errors scaled
by a factor of about two with regard to the diagonal
model. The sizes of the estimated VCs show both, that
the reported formal errors of the ACs are too optimistic
and that the reported formal errors have to be scaled
with regard to each other. The necessity of scaling
can arise from the inconsistent analysis options. The
various estimation techniques (Gauss–Markov-model,
filter, and collocation techniques), however, certainly
also contribute to this effect. The actual effects of the
estimation technique on the formal errors should be
investigated. Since the determined VCs differ signifi-
cantly, the assumption of a common noise level of all
ACs has to be reconsidered. The VC model also pro-
duces formal errors scaled by a factor of about two
with regard to the diagonal model. Thus, it is nec-
essary to consider both approaches, the scaling (VC
estimation) and the reapplication of observations (OSI
model). Such a model should be developed and applied
for intra-technique combination in future.

(vii) As shown by Steinforth and Nothnagel (2004) for other
parameters, correlations between different groups
of estimated troposphere parameters, e.g. between
gradients and zenith delays, can occur in addition
during parameter estimation. These inter-parameter

123



392 R. Heinkelmann et al.

correlations are to be considered in the future as well.
On the level of parameter estimates this is impossible;
therefore a combination on the level of normal equa-
tions is necessary and recommended.

Concluding, CONT08 VLBI observations provide a very
valuable data set for the determination of precise troposphere
parameters. The high quality and density of observations
allows better estimates of the troposphere parameters and
more significant statements on the characteristics of the tro-
posphere. For the combination of troposphere parameters, a
combination of VC estimation and the OSI model is recom-
mended.
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