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ABSTRACT

Tropospherically induced distortions of point coordinates
are still a major error source when using GPS for high
precision geodetic monitoring applications. Using data
from a local GPS landslide monitoring network (height
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differences up to 900 m), we found that the apparent
height variations caused by residual tropospheric propaga-
tion effects can reach up to 6 cm if only a priori tropo-
spheric models are applied. This is an order of magnitude
worse than the required accuracy of better than 0.5 cm. It
can be shown that the apparent height variations in each
monitoring station depend linearly on the height differ-
ence with respect to the stable reference station. This pro-
portionality is the key and the starting point for the devel-
opment of the correction models.

We discuss two approaches to mitigate such errors, one in
the observation domain and one in the coordinate domain.
Both approaches exploit the height dependence of the
relative tropospheric delay among stations subject to the
same atmospheric conditions. The results show that both
approaches reduce most of the bias of the height compo-
nent, e.g., typical long periodic distortions of up to 6 cm
during 3 hours are reduced to less than lcm. This is a re-
duction of over 80%.

INTRODUCTION

In engineering geodesy, local network configurations with
large height differences are very common, e.g., for the
GPS monitoring of landslides or the deformation analysis
of large structures like e.g., bridges and towers. The
analysis of these GPS networks shows that the height
component is impaired by residual tropospheric effects if
only a priori tropospheric models are applied like e.g., the
Saastamoinen (1973) model, cf. e.g., Gurtner (1989),
Brunner et al. (2003).

For post processing applications, various correction
strategies have been developed for small networks with
large height differences. Gurtner et al. (1989) and Beutler
et al. (1995) compare three approaches for the Turtmann
network with height differences up to 1500 m. The three
approaches are (i) the estimation of station specific tropo-
spheric parameters, (ii) the use of actual ground meteoro-



logical data, and (iii) the estimation of height proportional
tropospheric group delays. All three approaches perform
well for the analyzed network.

For real time monitoring using GPS, it is a challenge to
separate tropospherically induced apparent height varia-
tions from actual antenna motions. The above approaches
were originally developed for use with static applications
and may not be readily applicable to kinematic position-
ing because of the high correlation between tropospheric
delay and height estimate. An effective reduction of the
apparent network distortion can be achieved also in kine-
matic applications when including at least one additional
stable station besides the reference station, cf. Riihrnofl et
al. (1998). This station is then used as a calibration sta-
tion to permanently adjust the tropospheric correction
model to the prevailing atmospheric conditions. This idea
can be exploited in the coordinate domain or in the obser-
vation domain.

This approach differs from those proposed in the context
of network RTK since no network of reference stations is
processed and only two stable stations are needed. For an
overview on network RTK correction techniques refer to
e.g., Lachapelle and Alves (2002) and references therein.

The correction in the coordinate domain is quite straight
forward. During the network adjustment the coordinates
of the calibration station are processed like those of the
monitoring stations. Its apparent height variations are at-
tributed to residual tropospheric effects. They are scaled
and subtracted from the estimated heights of the monitor-
ing stations. The scaling factor depends only on a known
ratio of height differences between the network stations.

A more flexible alternative is the correction model in the
observation domain, which needs to be implemented in
the adjustment model or Kalman filter. Here, in addition
to the coordinates a tropospheric coefficient is set up as a
stochastic process and estimated from all observations.
The height component of the calibration station is fixed or
heavily constrained, so this station mostly contributes to
the estimation of the tropospheric coefficient.

The basic assumption for both approaches is that all GPS
stations (monitoring stations as well as the reference and
the calibration station) are subject to the same atmos-
pheric conditions. This holds usually for stations located
on the same slope. If this assumption is not justified, the
approaches can easily be extended to treat the stations as
groups and apply an individual correction model to each
of the groups e.g., for points on different sides of an Al-
pine ridge, cf. Gurtner et al. (1989).

In the next section of this paper, the GPS landslide moni-
toring network at Gradenbach in Austria is described.
This network will be used subsequently to demonstrate
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the tropospheric delay correction. Then, the correction
model in the coordinate domain is developed and applied
to two representative 24h data sets. The following section
is devoted to the correction model in the observation do-
main. It turns out that both models effectively and effi-
ciently reduce the residual tropospheric variations in the
height component. Finally, the advantages of both models
are discussed and compared to a stochastic modeling of
station specific tropospheric parameters.

DESCRIPTION OF THE GPS LANDSLIDE
MONITORING GRADENBACH

Since 1999, the Institute of Engineering Geodesy and
Measurement Systems (EGMS) at Graz University of
Technology has carried out continuous GPS monitoring
of the Gradenbach landslide in the summer months (May
to October), cf. Brunner et al. (2003). This deep-seated
mass movement is situated in the central Austrian Alps.
The active deformation zone, covering an area of about 2
km?, involves the entire slope with widths ranging from
600 to 1000 m. Vertically, the slide extends over ap-
proximately 1000 m in height from the slide toe (between
1100 and 1270m) to the head scarp (2270 m) lying
slightly below the mountain ridge. This area is repre-
sented in yellow in Fig. 1.

e 1N _-«\'-,:‘-

Fig. 1: Situation of the Gradenbach landslide.
Fig. 1 shows a digital terrain model of the Gradenbach
area (5x5 km®) and the location of the 6 GPS stations (2
stations R1 and R2 in stable bedrock, and 4 monitoring
stations MA, MB, MC, and MD on the slope) as well as
the base station for data storage and online processing. All
6 GPS station are equipped with Ashtech G12 or Ashtech
UX LI1/L2 receivers, and Ashtech choke-ring antennas
with SCIS-type radome. The total equipment is lightning
protected. For the registration a data rate of 3 sec and a
cut-off angle of 5° were chosen. The data transmission to
the base station is realized by radio link.



In addition to the online-processing in the Kalman filter-
based software GRAZIA (Gassner et al., 2002), twice per
year - at the beginning and end of the campaign - a 48h
static reference solution is computed using the BERNESE
GPS software (5.0). For a documentation of BERNESE
5.0 see Hugentobler et al. (2004). For this network solu-
tion a sampling rate of 30 sec and a cut-off angle of 10° as
well as elevation dependent variances of the observations
are used. The baselines are built with respect to the stable
station R2 (reference station) cf. Fig. 1. The mathematical
correlations are properly modeled. Precise IGS products
such as precise orbits and the global ionosphere model are
introduced. Further, NGS relative antenna phase center
variations and offsets are applied (Mader, 1999). The co-
ordinates of the reference station are fixed during the
network adjustment. Tab. 1 lists the baseline lengths and
height differences with respect to the reference station.
The ambiguities are fixed according to the strategy pro-
posed by Hugentobler et al. (2004). Finally, tropospheric
parameters are estimated for all stations except the refer-
ence station with a temporal resolution of 2h.

Tab. 1: Gradenbach GPS monitoring network: Compari-
son of baseline lengths and height differences with respect
to the reference station R2.

station name baseline lengths  ellipsoidal height
[km] differences [km]
MA 2.6 0.0
MB 3.2 0.3
MC 3.5 0.4
MD 3.5 0.5
R1 4.6 0.9

CORRECTION MODEL IN THE COORDINATE
DOMAIN

Mathematical formulation

Most of the tropospheric delay can be taken into account
by applying a correction model like e.g. the Saastamoinen
(1973) model. However, even when using highly accurate
meteorological measurements instead of a standard at-
mosphere model, and even when including a sophisticated
mapping function, there will always be a residual tropo-
spheric error of the double differenced observations.
Gurtner et al. (1989) have shown that this residual tropo-
spheric delay distorts the heights for GPS networks with
large height differences, while the horizontal coordinate
components are hardly affected. In addition, they have
stated that the height distortions are proportional to the
height values. If all stations are submitted to the same
atmospheric conditions, the proportionality factor is iden-
tical for the whole network. This condition is met for GPS
landslide monitoring where all stations are located on the
same slope or at least in the same valley.
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Fig. 2: Principle of the correction model in the coordinate
domain.

Fig. 2 shows the principle of the correction model in the
coordinate domain. In blue the ‘true’ (error-free) heights
are represented. The red dashed line shows the height-
dependent scaling of the network due to residual tropo-
spheric effects. The apparent height variations are de-
picted by red arrows at the calibration station K and the
monitoring station i.

The ‘true’ (error-free) heights H'(t,) at a reference ep-

och t, and the estimated heights H (t) at epoch t are re-
lated by

I:|(t):H*(tr)+AH*(tr,t)+Z5|(t), €))
where 9, (t) denotes systematic effects caused by e.g., the

i}

troposphere, the ionosphere or multipath. The ‘true
height difference between epoch t and the reference epoch

is AH™(t,,t).

In the following we focus exclusively on tropospheric
effects. Applying the correction model in the coordinate

domain, the corrected height I:|i' (t) for the monitor sta-
tion i at epoch t and the corrected height differences
Al:|i’ (t,,t) between two epochs or with respect to the

reference epoch t, are given by

HY (1) =H, (- f (R ®-Hy), 2)

AR/ (4,0 =H, O-H, t)- F(H O-H @), 3)
with the correction factor f
H’ Hy

f=—1i R

H; _HR

) “4)

where

I-A|i (1), I-A|i (t,) denote the estimated heights of the moni-
toring station i at epoch t and the reference
epoch t,

l:|K(t), l:|K(tr) the estimated heights of the calibration

station at epoch t and the reference epoch t,,



H;,H, the ‘true’ heights of the monitoring station i, and

the calibration station K at the reference epoch
Hy the ellipsoidal height of the reference station.
The solution at the reference epoch may be a single epoch
solution as well as a static solution.

The correction by Eq.(2) depends on the ‘true’ height of

the calibration station. For a correction better 0.5 mm, the
heights in the correction factor (Eq.(4)) should be known
better than 1 m. Since the differences between the proc-
essed heights and their ‘true’ values are generally smaller
than 1m, these values in Eq.(4) can be replaced by the
processed values and Eq.(3) is independent of any ’true’

heights. Considering only tropospheric effects o, ,
Eq.(3) can be rewritten as
Al:|i' .= AHi* t., 0+ A5Tr0p,i (IR A(S‘Tmp,K (t.1)

= AH/ (t,,1)
where no actual motion occurs for the stable calibration
station.

®)

For the quality of the correction the following aspects
play a role:

(1) The heights of the calibration station and the ref-

erence station should be upper and lower bounds
to the heights of all monitoring stations. This
avoids extrapolation, and the height dependent
correction factor (Eq.(4)) is then always smaller
than 1.
For the Gradenbach network, this factor varies
between 0 (no correction) for the station MA lo-
cated on the same height as the reference station
R2 (cf. Tab. 1) and 0.5 for the station MD.

(i) In Egs.(2) and (3) the apparent height deviations

at the calibration station are attributed exclu-

sively to residual tropospheric effects &y, .

Therefore, station specific effects such as multi-
path might be transferred from the calibration
station to the monitoring stations if they are not
properly mitigated. For this task, the raw height
time series of the calibration station could be fil-
tered previous to the correction step to remove
short periodical fluctuations caused by multipath.
The use of proper observation weight models
and a sound quality control strategy should be
mandatory, anyway.

(iii) Due to satellite obstruction e.g., by trees or
mountain ridges, different satellites may be visi-
ble at the calibration and the monitoring stations,
yielding some geometric effects in the correc-
tion. Strictly, the correction should only be ap-
plied if only satellites tracked at all stations were
considered when processing the raw GPS obser-
vations. However, such a rejection of available
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information may weaken the geometry of the co-
ordinate solution significantly, and may therefore
annihilate any accuracy gain possibly achieved
by the correction model. Therefore, we do not
recommend using only common satellites.
Egs.(2) to (5) are still a useful correction model.

Numerical example

Two representative 24h L1 data sets (D1: 10/15/2003
00:00-24:00 UT, D2: 05/27/2004 00:00-24:00 UT) were
chosen for the comparison of the correction models. The
processing was carried out in MATLAB with an extended
Kalman filter, cf. Gelb (2001) or Brown and Hwang
(1997). For this processing, IGS precise orbits, Klobuchar
-style ionospheric model coefficients supplied by the
University of Berne (CODE), and relative antenna phase
center offsets and variations from NGS were used. The
Saastamoinen (1973) model was applied as an a priori
tropospheric model. The coordinates of the BERNESE
(5.0) static reference solution (10/14/2003 16:00 UT-
10/16/2003, 10:00 UT) served as initial coordinates for
the dynamic solution of both datasets by the Kalman-filter
based software.

A sampling rate for the dynamic processing of 30 sec and
a cut-off angle of 10° were chosen. The observations were
weighted according to the SIGMA-g¢ variance model
(Hartinger and Brunner, 1999)

—~C/N,

c’=C-10 1 (6)

with some constant C depending on the used GPS equip-
ment. Using the C/N,-values of the observations, this

model allows to reduce the impact of signal distortion
effects.

The North, East and height coordinate errors are modeled
as independent random walk processes. Taking into ac-
count the maximum annual displacements detected so far
(0.5 m), the spectral noise densities were introduced as
_(40.5)°m’
365.5-24-3600s

The a priori standard deviation of all station coordinates
except those of the reference station (fixed) was set to
o,, =1cm, hence the variance-covariance matrix of the

=8.8-10"m’Hz.  (7)

y,0
initial state reads

) _ 2
Py = Uyw0| .

®
Raw coordinate time series

Fig. 3 shows the resulting raw coordinate time series for
the 24h L1 data set D1. The variations with respect to the
BERNESE static reference solution for the five stations
MA, MB, MC, MD and R1 are depicted in mm.
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Fig. 3: Data set D1 (October 2003): Resulting raw coor-
dinate time series for the East, North and Up component
with respect to the BERNESE reference solution of Octo-
ber 2003.

The horizontal coordinate components vary about 0, i.e.,
the BERNESE reference solution, with maximum ampli-
tudes of 5 mm. This is expected since the data set D1 is a
subset of the data used for the BERNESE solution. Dur-
ing these 24h no actual motion occurred. Therefore, the
jitter of the time series reflects the impact of observation
noise, station specific effects, residual ionospheric effects
and residual tropospheric effects. Peaks in the time series
are associated with periods of weak geometry and indi-
vidual ambiguity resolution problems. A data gap oc-
curred between 08:21 and 12:59 at the station MD, so the
filter output is constant during this period (prediction
only), see Fig. 3.

The height components show additional systematic offsets
with a typical height dependent distortion pattern. This
implies that (i) the height component with the largest
height differences are distorted most (here R1), cf. Fig. 5.
(i1) The height component of stations with the same ellip-
soidal height as the reference station should not be af-
fected, cf. MA in Fig. 5.

This pattern is due to the fact that only an a priori tropo-
spheric model (Saastamoinen) is applied during the proc-
essing of the data set while tropospheric parameters were
estimated with a temporal solution of 2h for the reference
solution. Obviously, this a priori model cannot eliminate
the total tropospheric propagation effect. An apparent
height dependent residual effect remains in the time se-
ries. The mean magnitude of the offset indicates the dis-
agreement of the actual meteorological conditions and
those intrinsically presumed by the a priori tropospheric
model.

In Fig. 4, the resulting raw coordinate time series are plot-
ted for the second selected 24h L1 dataset (D2). The ref-
erence for the computation of coordinate differences is
again the same reference solution as above (i.e., of Octo-
ber 2003).
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Fig. 4: Data set D2 (May 2004): Resulting raw coordi-
nate time series with respect to the BERNESE reference
solution of October 2003.
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Since an actual point displacement occurred between Oc-
tober 2003 and May 2004, the coordinate differences vary
no longer about 0. The average long-term point displace-
ments of this landslide are

ANy ME s Ao

At At At
This means that we may expect offsets of about —2 cm,
1 cm, and —1.5 cm for the North, East, and height compo-
nent, respectively. Station R1 does not move, because this
station is located in stable bedrock above the mass move-
ments, cf. Fig. 1. This stability was confirmed by an
analysis of the variation of the coordinate differences be-
tween R2 and R1 during the past 5 years.

—3cm
year ?

We see from Fig. 4 that the displacements computed from
the GPS data agree well with the above values except for
the height component. The actual height displacement is
superimposed on the apparent motion caused by residual
propagation effects. For the detailed analysis it helps to
study the time series of the stable point R1 first, and to
consider two time periods: 00:00-15:00 and 15:00-24:00.
During the first period, the apparent motion is small (—
2 cm), i.e., the atmospheric conditions are similar to those
intrinsically assumed by the a priori tropospheric model.
Therefore, the height dependent distortion pattern is not
clearly pronounced and superimposed by the actual point
displacement, e.g., the station MD shows the largest
height deviation.

This situation is completely different for the second pe-
riod (~15:00-24:00). Due to a thunderstorm with rainfall
and a sudden drop in temperature (10 °C), the atmos-
pheric conditions change completely, which was verified
by official meteorological data. These changes are di-
rectly reflected by the increase of the apparent height
variations, i.e., in a strong disagreement between actual
meteorological conditions and those assumed by the a
priori tropospheric model. The height dependent distor-
tion pattern is now very well pronounced and feigns sig-
nificant height variations. It can be seen that for this sec-



ond period the height dependent pattern includes - besides
the height dependent biases - similar signatures at all sta-
tions with height proportional amplitudes, cf. Fig. 5 (bot-
tom).

L
12:00
GPS time

L
06200

L
12:00
GPS time

05:00

Fig. 5: Comparison of the resulting raw height variations
with respect to the BERNESE reference solution of Octo-
ber 2003. Top: October 2003 bottom May 2004. The
height difference to the reference station R2 is indicated
by AH.

Corrected time series

In the second step, these raw coordinate time series are
corrected applying the correction model (Eq.(3)), where
the stable point R1 serves as the calibration station.

Fig. 6 shows the corrected height time series for both data
sets when applying the correction model in the coordinate
domain. Only the height component is depicted since this
correction model does not affect the other coordinate
components. Their values equal the raw time series, de-
picted in figures 4 and 5. The corrected time series for
October 2003 vary about 0 with amplitudes of less than
lem.

The corrected time series for May 2004 show remaining
offsets at all stations except at the stable calibration sta-
tion R1. They indicate the magnitude of the actual station
displacements between October 2003 and May 2004,
which are roughly about -1.5cm in height. This agrees
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well with the long-term velocity discussed above, cf.
Eq.(9). Again the scattering of the corrected time series is
less than lcm. It is especially interesting to see that the
correction model handles extremely quickly the changing
atmospheric conditions during the session D2.

———MA aH = 0.0 km

0 ———MB,aH = 0.3 km
MC, aH = 0.4 km
| =MD, aH = 05 km |
|~ R, aH=08km |
€0
00:00 0600 12:00 18:00 24:00

GPS time

=00km |

——MB, 4H = 03 km
MC, aH = 04 km
=MD, aH = 05 km
—Ri, aH = 08 km
€0
00:00 0500 12:00 18:00 24:00

Fig. 6: Comparison of the corrected height time series of
all stations for the data set D1 (top) and D2 (bottom) af-
ter application of the correction model in the coordinate
domain.

Once the heights have been corrected using the above
equation, one can extract the ‘true’ motion of the monitor-
ing points between October 2003 and May 2004 from the
resulting time series, cf. Eq.(5).

CORRECTION MODEL IN THE OBSERVATION
DOMAIN

Mathematical formulation

A different realization of the same basic idea is a correc-
tion model in the observation domain. This approach is
based on a post processing algorithm initially proposed by
the Bernese GPS group, cf. e.g., Gurtner et al. (1989). The

total tropospheric delay T,)(t) is formulated in the fol-
lowing way

T#’(t)=mﬂ"(t)[ﬂ’*°(t)+i m®(H; —HR)'j, (10)

1=0



where mf,/(t) denotes the mapping function, T,(t) the
i pping i

tropospheric zenith delay given by an a priori tropo-
spheric model, e.g., the Saastamoinen model (1973), and

H, is the ‘true’ heights in [km] of the station i and H,

the ellipsoidal height of the reference station. Since the
height difference in Eq. (10) is only needed with an accu-

racy of some decimeters the actual height H* processed

by the Kalman filter can be used. The tropospheric coeffi-
cients g (t) are estimated as parameters.

If all stations are submitted to the same atmospheric con-
ditions and the network is small, only the first order coef-
ficient g (t) needs to be considered. In this case Eq.(10)

reads
T =mf! (T O+ (H -Hg)). (1)

The constant offset i, is not observable in a small net-
work and cancels effectively when processing double
differences. However, the second order term in Eq.(10)
may have to be retained if the height differences in the
monitoring network are larger than 1000 m, cf. Beutler et
al. (1995, p.120f ). For the real-time application, the first
order coefficient 4 (t) is set up as additional stochastic

process and therefore as state in the Kalman filter.

Based on the hypothesis of identical meteorological con-
ditions, principally all double differences contribute to the
estimation of the tropospheric coefficient, cf. Eq.(11).
Three aspects are important for the determination of their
individual impact. (i) Regarding Eq.(11) it is obvious that
observations at low elevations have a larger contribution
to the estimation of the tropospheric coefficient than ob-
servations at high elevations. (ii) The larger the height
difference with respect to the reference station the greater
the impact of the observations of this station to the deter-
mination of the tropospheric coefficient, cf. Eq.(11). (iii)
Finally, the ratio of the spectral noise densities of the tro-
pospheric coefficient and the considered station coordi-
nates determines which amount of information in the ob-
servations of this station are used for the estimation of the
coordinates and which amount for the estimation of the
tropospheric factor. If the coordinates of one station are
e.g., fixed, all information is used for the estimation of the
tropospheric coefficient.

For the quality of the correction the following recommen-
dations should be considered. (i) Similar to the approach
in the coordinate domain it is important to reduce signal
diffraction by proper variance models (e.g. Hartinger and
Brunner (1999), Brunner et al. (1999), or Wieser (2002)),
and to apply a sound quality test strategy, see e.g., Wieser
et al., (2004). (ii) In order to separate actual and apparent
motion, the monitoring points should be processed to-
gether with some stable stations which are not submitted
to the actual motion. The number of these calibration sta-
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tions depends on their height differences with respect to
the reference station, their process noise, and the magni-
tude and dynamics of the actual motion. For a slow mass
movement like the Gradenbach landslide one constrained
calibration station with large height differences (R1) is
sufficient.

Numerical example

The stochastic process of the tropospheric coefficient
needs to be defined. The a priori value is set to (t;)=0.

We have found that o, , = 107w/ is a reasonable stan-

dard deviation for an alpine network of the Gradenbach
type. We have further assumed a random walk process for
this coefficient with a spectral noise density of
g,=3.08-10" ™/ .Hz. This value corresponds to
changes of 1</ during 3 h and was obtained from nu-

merical simulations using typical diurnal variation of
temperature, pressure and humidity in alpine regions.

The calibration station R1 is now set up as random walk
as well (like the monitoring stations). The spectral noise
density and the initial standard deviation are selected such
as to heavily constrain this station as compared to the
monitoring stations. We have chosen

0 =88:10"m’Hz and o, =0.Imm for all three

components.
Corrected time series

The following figures show the coordinate time series of
the data sets D1 and D2 as obtained using the correction
model in the observation domain. This model affects all
coordinate components — although it has only little effect
on the North and East components.

40 1
I% '
< - S
= 20 . 4
40 1 ——MA
—MB
mMc
—— MD
i ' —nRi |
20~ 4
E o . P —, S
R 4
40 L 1
20
T o .|
Em -
2
= 40 4
50 ' ' . 4
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Fig. 7: Data set D1 (October 2003): Corrected coordi-
nate time series of all stations after application of the
correction model in the observation domain.

Fig. 7 shows the results for the data set D1 (October
2003) for the five stations MA, MB, MC, MD and R1.



The coordinate variations with respect to the BERNESE
reference solution (October 2003) are given. The horizon-
tal components vary about 0 with maximum amplitudes of
1 cm. Here only very small differences between the raw
data (Fig. 3) and the corrected time series can be distin-
guished. This is quite obvious since the residual tropo-
spheric delay affects mainly the height component. The
time series for the horizontal components of R1 are very
smooth and close to 0. This is due to the chosen a priori
coordinate standard deviation and the low spectral noise
density. In fact this choice allows to treat R1 as a calibra-
tion station, i.e., most of its apparent height motion is
considered as being tropospherically induced.

The apparent motion in the height component is corrected
for all stations. The corrected time series vary about 0,
1.e., the reference solution of BERNESE. The maximum
remaining amplitudes are smaller than 1 cm.

Fig. 8 shows the corrected time series for the data set D2
(May 2005) with respect to the BERNESE static reference
solution of October 2003. The corrected time series
clearly show the actual point displacement between Octo-
ber 2003 and May 2004, i.e., a displacement of 2 cm to 3
cm in South, 1 cm in East and 1.5 cm in height. This di-
rection corresponds to the maximum gradient of the slope.
Again the time series of R1 are very smooth because this
station is used as calibration station. Its values are close to
0 since the calibration station does not move.
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Fig. 8: Data set D2 (May 2004): Corrected coordinate
time series of all stations for the data set with the applica-
tion of the correction model in the observation domain.

Comparing Fig. 5 and Fig. 9 it can be seen that the correc-
tion model in the observation domain is also suitable to
correct the apparent height motion induced by residual
tropospheric effects for different data sets and varying
atmospheric conditions. The results compare well to those
obtained by the correction in the coordinate domain (cf.
Fig. 6) when averaged over the 24h interval. However the
separation of movement and troposphere by the correction
model in the observation domain is only possible if the
dynamics of the troposphere and that one of the mass
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movement are different. This is the case for slow mass
movements like the Gradenbach landslide.
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Fig. 9: Comparison of the resulting height variations af-
ter application of the correction model in the observation
domain. Top: October 2003, bottom: May 2004. The
variations are given with respect to the BERNESE refer-
ence solution of October 2003. The height difference to
the reference station R2 is indicated by AH.

COMPARISON WITH STATION SPECIFIC
TROPOSPHERIC PARAMETERS

Comparing the results of the previous sections, it can be
stated that both models perform very well for the different
atmospheric conditions in the data sets D1 and D2. The
major part of the tropospherically induced height distor-
tion reaching values up to 6 cm is reduced by more than
80%. Further, these approaches allow to separate apparent
and actual point motions with respect to the reference
solution, cf. Eq.(3) and (5) and the results in Fig. 6 and
Fig. 9 for data set D2. These actual motions are of interest
for geodetic deformation analysis (Caspary, 1988). If no
actual motion occurs, the repeatability of the network
solutions at consecutive epochs is improved. Nevertheless
it is worth to investigate and to compare the stochastic
modeling of station specific tropospheric parameters in
the Kalman filter. This approach yields corrected heights
without the need of stable calibration stations.



For this task, the initial processing strategies for the gen-
eration of the raw time series are changed in the following
way. A stochastic process for the station specific relative
tropospheric parameters 7,(t) is set up for all stations
except the reference station. Then the total tropospheric
correction reads

T (1) =mf (T ©+7,(1)),
where mf(t) denotes the mapping function and T,"°(t)

(12)

the tropospheric zenith delay given by an a priori tropo-
spheric model, e.g., the Saastamoinen model (1973).

According to Tralli and Lichten (1990) the tropospheric
parameters can be equivalently modeled by a first order
Gauss-Markov process or a random walk process. For the
random walk process they reported spectral noise densi-
ties of

g, =6.25-10"---9-10° m°Hz. (13)
Here, we chose a random walk process with spectral noise
density of

g, =6.2:10"m’Hz, (14)
However, we found that the results for the present data
sets are not very sensitive to this value. Its a priori vari-
ance is chosen as ¢’ =0.01m* and the a priori value as

7,, =0 m. The random processes of all station specific

tropospheric parameters are supposed to be uncorrelated.
Since this approach does not need any calibration station,
the station R1 is treated like a monitoring station, cf.

Eq.(7).
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Fig. 10: Data set D2 (May 2004): Comparison of the re-
sulting height variations after set up of station specific
tropospheric parameters (top) and application of the cor-
rection model in the observation domain (bottom). The
variations are given with respect to the BERNESE refer-
ence solution of October 2003.

0600

Fig. 9 shows a comparison of the resulting corrected time

series for the data set D2 by the stochastic modeling of

station specific tropospheric parameters (Eq.(12)) and by
the correction model in the observation domain, cf.

Eq.(11).

ION GNSS 18th International Technical Meeting of the
Satellite Division, 13-16 September 2005, Long Beach, CA

258

Of course, stochastic modeling of station specific tropo-
spheric parameters can reduce the impact of residual tro-
pospheric effects to a certain amount, too. However, the
main challenge of this approach is the separation of tropo-
spheric parameter and station height. Therefore the height
component shows large variations which are larger than
those of the initial time series, cf. Tab. 2 third and fourth
column. In addition, this approach is less suitable to sepa-
rate actual and apparent height movement, especially in
highly kinematic situations. The above models involving
a calibration station mitigate this problem by computing
the tropospheric correction mostly from the calibration
station data which are not affected by antenna motion.

Tab. 2: Standard deviations [mm] of the height differ-
ences (30s time series) computed with and without correc-
tion models.

Prior S.ite spe- Correction C.Iorr.ec-
Data Sta- model cific ' in the' tion in the
set tion only stochagtlc coord_mate obs. .
modelling  domain domain
D1 MA 43 5.0 43 2.7
MB 5.6 59 3.6 2.7
MC 5.6 6.2 3.7 3.0
MD 7.6 9.1 5.6 3.6
R1 7.3 7.9 --- (0.8)
D2 MA 4.1 5.1 4.1 5.0
MB 5.6 7.4 3.8 5.0
MC 6.5 6.3 4.5 5.1
MD 7.3 7.2 4.6 5.1
R1 14.8 10.4 -.-- 0.4)

Tab. 2 indicates the variations of the time series in terms
of standard deviations for data set D1 and D2. Tab. 3
gives the reduction of these variations by the different
correction models. We start analyzing the results for the
data set D1. For the raw height time series, the standard
deviations increase with the height difference due to the
height proportional biases. The time series after estima-
tion of station specific tropospheric parameters shows an
even larger variability as the raw time series, cf. Tab. 3
second column. This is due to the fact that the height
component and the tropospheric parameter are difficult to
separate and the resulting heights are therefore very insta-
ble. Finally, the correction in the coordinate domain as
well as in the observation domain, reduces the variability,
and standard deviations of less than 5 mm can be obtained
for the 30-second coordinate time series. For the correc-
tion in the coordinate domain, a reduction of the standard
deviation of about 30% is obtained. The correction in the
observation domain performs even better, cf. Tab. 3.



Hence the application requirements for height precision
applications are met.

Tab. 3: Reduction of standard deviations [%] by different
correction models.

Site specific ~ Correction in Correction in

Data

st tion stochas_tic the cqordinate the ol?s.
modelling domain domain
D1 MA 16 0 -37
MB 6 -35 -51
MC 10 -34 -47
MD 19 =27 -53
D2 MA 23 0 21
MB 32 -31 -12
MC -4 -31 21
MD -1 -37 -30

For the data set D2 the raw height time series shows a
similar variability except station R1. Here the large stan-
dard deviation reflects the dramatic changes in the atmos-
pheric conditions during this 24h data set. Again the esti-
mation of station specific tropospheric parameters is not
able to reduce this variability, cf. Tab. 3 (second column).
For the correction model in the observation and coordi-
nate domain, similar standard deviations as above are
obtained, despite the significant change of atmospheric
conditions which occurred, see above. Again, a reduction
of 30% in the standard deviation is obtained by the cor-
rection model in the coordinate domain for the stations
MB, MC, and MD.

CONCLUSIONS

In this paper two different correction models for height
distortions, which are caused by residual tropospheric
delays, are discussed: a correction in the coordinate do-
main and a correction model in the observation domain
implemented in the Kalman filter. The basic idea for an
effective reduction is the inclusion of at least one addi-
tional stable station in bedrock, beside the reference sta-
tion. This station is then used as a calibration station to
permanently adjust the tropospheric correction model to
the prevailing atmospheric conditions, cf. RithrnoB1 et al.
(1998). After the application of the correction models the
resulting time series of height differences between con-
secutive epochs or with respect to common reference ep-
och are largely free of apparent height variations induced
by residual tropospheric delays.

Using the example of the Gradenbach landslide it was
shown that for GPS deformation monitoring in a network
with large height differences (here up to 900 m with dis-
tances of less than 5 km) residual tropospheric effects can
cause height errors of several cm. Both models are suit-
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able to mitigate these effects and obtain 30-second height
time series with a standard deviation of about 5 mm.
Higher precision is obtainable with lower temporal reso-
lution. This contributes to a better separation between
actual and tropospherically induced apparent station dis-
placements. Consequently, if no actual station displace-
ment occurs, the repeatability of the height component is
improved.

The approach in the coordinate domain is attractive be-
cause it is computationally extremely efficient and appli-
cable in real time as well as in post processing. In addition
it can be applied externally to the coordinate output of any
commercial GPS processing software or time series al-
ready available. However, there are limitations, mainly
the impact of station specific effects at the calibration
station and of different satellite geometry at different sites
of the network.

The implementation in the observation domain, directly in
the Kalman filter is extremely flexible, and the impact of
the calibration station can be tuned by selecting the prop-
erties of the stochastic process modeling its coordinates.
Furthermore, the estimated coefficient is more robust
against distorted observations at the calibration station,
because all network stations contribute to the estimated
tropospheric correction.

For both models, a specific network geometry is prefer-
able, in which the heights of the reference station and the
calibration station are lower and upper bounds of the
monitoring stations. In addition, an adequate quality con-
trol of the observations and an appropriate weight model
should be used.
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