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Chapter 5 

DATA PROCESSING AND ANALYSIS 

 

 

5.1  Introduction 

 

This chapter presents results of the data processing strategies described in chapters 3 and 

4, utilising various data sets located in different geographical locations. Sections 5.2, 5.3 

and 5.4 validate the strategies described in the previous two chapters, while section 5.5 

then focuses on the application at Mt. Papandayan volcano. Data were collected under 

solar maximum conditions. The Baseline software developed at UNSW was used to 

process the inner (single-frequency) network in multi-baseline mode, on an epoch-by-

epoch basis, after the double-differenced correction terms obtained from the fiducial 

network were applied. As described in chapter 3, the Baseline software also utilises a 

procedure to optimise the number of double-differenced observables that are generated 

during data processing (Janssen, 2001). 

 

Selected GPS coordinate time series were also processed with the UNSW-developed 

Real-Time System Monitor (RTSM) software in order to indicate how the baseline 

results could be used to detect movements of the deforming body. 

 

5.2  SCIGN 2000 

 

Data from the Southern California Integrated GPS Network (SCIGN) (Hudnut et al., 2001; 

SCIGN, 2002) were used to investigate the performance of the mixed-mode network 

configuration in the mid-latitude region. The geomagnetic equator is south of the 

geographical equator at these longitudes (see Fig. 4.3). Figure 5.1 shows the location of 

the GPS sites, which are all equipped with dual-frequency receivers. The part of the 

network used in these studies consisted of an outer network of three sites (FXHS, FMTP, 

QHTP) surrounding an inner network of three sites (CSN1, OAT2, CMP9). The outer 

sites were used as fiducial GPS reference stations, indicated by triangles in Figure 5.1, 

while the inner sites (indicated by circles) simulated single-frequency receiver stations 

(by ignoring the observations made on L2). The data were collected under solar maximum 
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conditions, using an observation rate of 30s, on three consecutive days 8-10 August 2000 

(DOY 221-223). 
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Fig. 5.1: Part of the GPS network in Southern California (SCIGN) 

 

The ITRF coordinates of the GPS network stations are given in Table 5.1.  

 

Tab. 5.1: ITRF2000 coordinates of the GPS network stations of SCIGN 
 

Site FXHS FMTP QHTP 
X [m] -2511943.6388 -2545459.7204 -2486712.3456 
Y [m] -4653606.7722 -4612207.1586 -4629002.0822 
Z [m] 3553873.9778 3584252.1200 3604537.5090 

Latitude (N) 34° 04’ 50.1730’’ 34° 24’ 35.5071’’ 34° 37’ 43.2475’’ 
Longitude (W) 118° 21’ 34.1088’’ 118° 53’ 38.9045’’ 118° 14’ 41.3211’’ 

Height [m] 33.319 362.805 863.039 
 

Site CSN1 OAT2 CMP9 
X [m] -2520225.8551 -2524553.6438 -2508505.9552 
Y [m] -4637082.4402 -4630094.2566 -4637175.0256 
Z [m] 3569875.3624 3577352.1138 3579499.8619 

Latitude (N) 34° 15’ 12.7752’’ 34° 19’ 47.6064’’ 34° 21’ 11.4434’’ 
Longitude (W) 118° 31’ 25.7116’’ 118° 36’ 04.9555’’ 118° 24’ 41.1177’’ 

Height [m] 261.443 1112.587 1138.042 
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These coordinates were obtained using the Scripps Coordinate Update Tool (SCOUT) 

provided by the Scripps Orbit and Permanent Array Center (SOPAC) (SOPAC, 2002). 

This service computes the coordinates of a GPS receiver (whose data are submitted to the 

website) by using the three closest located SCIGN reference sites and precise GPS 

ephemerides. The coordinates in Table 5.1 were obtained by taking the mean of five 24-

hour solutions on successive days (average baseline length 6-18km). The inner network 

sites were chosen to simulate conditions present in a GPS-based volcano deformation 

monitoring network, e.g. where significant height differences between the base station on 

the foot of the volcano and the monitoring ‘slave’ stations on the flanks of the volcano 

typically occur. 

 

5.2.1  Ionospheric Corrections for the Fiducial Baselines 

 

By processing the dual-frequency data with a modified version of the Bernese software, 

ionospheric L1 correction terms were determined for four baselines on three successive 

days. The baselines FXHS-FMTP (61km) and FXHS-QHTP (62km) were used as 

fiducial reference baselines. For comparison, corrections were also obtained for the 

inner baselines CSN1-OAT2 (11km) and CSN1-CMP9 (15km) using observations made 

on both frequencies. Table 5.2 lists several parameters that characterise the correction 

terms, i.e. the minimum, maximum and mean corrections, their standard deviations and the 

number of double-differences involved. Figures 5.2, 5.4 and 5.6 show the double-

differenced corrections obtained for the fiducial baselines on L1 for three consecutive 

24-hour observation sessions, while Figures 5.3, 5.5 and 5.7 show the corrections 

obtained for the inner baselines. 

 

It can be seen that ionospheric activity in mid-latitudes is a daytime phenomenon with 

most of the ionospheric activity occurring between local sunrise and sunset. The moderate 

day-to-day variability can be recognised and the ionosphere was a little less active on 

day 222 compared to days 221 and 223. The correction terms for both fiducial baselines 

show a similar pattern, indicating that the ionospheric conditions have been rather 

homogeneous across the network during the period of observation. The magnitude of the 

corrections for the fiducial baselines reaches a few cycles, indicating that the ionospheric 
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effect is significant. Due to the shorter baseline lengths, the corrections for the inner 

baselines are smaller than those obtained for the fiducial baselines. 

 

Tab. 5.2: Double-differenced L1 corrections for different baselines 

 

Baseline D [km] min [m] max [m] mean [m] STD [m] #DD 
SCIGN 8.8.2000 (L1)      
FXHS-FMTP 61 -0.47601 0.57315 0.00893 0.13664 15747 
FXHS-QHTP 62 -0.76940 0.68799 0.00452 0.16120 15722 
CSN1-OAT2 11 -0.14378 0.12188 0.00043 0.03173 15884 
CSN1-OAT2* 11 -0.09892 0.11910 0.00169 0.02619 15613 
CSN1-CMP9 15 -1.25630 0.83254 0.00547 0.05508 15206 
CSN1-CMP9* 15 -0.17262 0.11415 -0.00013 0.03622 15613 
SCIGN 9.8.2000 (L1)      
FXHS-FMTP 61 -0.52535 0.46483 -0.00341 0.13336 14303 
FXHS-QHTP 62 -0.44155 0.43618 -0.00032 0.12339 14254 
CSN1-OAT2 11 -0.11631 0.10590 0.00489 0.02884 14337 
CSN1-OAT2* 11 -0.10111 0.07784 -0.00047 0.02399 14182 
CSN1-CMP9 15 -0.36008 0.48812 0.00401 0.04750 13868 
CSN1-CMP9* 15 -0.10325 0.09635 0.00045 0.02937 14182 
SCIGN 10.8.2000 (L1)      
FXHS-FMTP 61 -0.63624 0.88364 0.00338 0.15906 15181 
FXHS-QHTP 62 -0.85886 0.74558 -0.01725 0.14455 15120 
CSN1-OAT2 11 -0.53362 0.37751 -0.00137 0.03578 15271 
CSN1-OAT2* 11 -0.12634 0.13803 -0.00019 0.02767 15044 
CSN1-CMP9 15 -1.12856 0.83593 -0.00229 0.06732 14669 
CSN1-CMP9* 15 -0.18709 0.12648 -0.00507 0.03771 15044 
* calculated using α values 

 

 

 
 

Fig. 5.2+5.3: Double-differenced L1 corrections for fiducial (left) and  

inner (right) baselines (DOY 221) 
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Fig. 5.4+5.5: Double-differenced L1 corrections for fiducial (left) and  

inner (right) baselines (DOY 222) 

 

 
 

Fig. 5.6+5.7: Double-differenced L1 corrections for fiducial (left) and  

inner (right) baselines (DOY 223) 

 

5.2.2  Ionospheric Corrections for the Inner Baselines 

 

According to equations (4-12) to (4-14), the α values were derived in order to relate the 

position of the inner network sites to the fiducial baselines. Table 5.3 lists the α values 

obtained for the inner GPS sites, α1 and α2 indicating the values corresponding to the 

fiducial baselines FXHS-FMTP and FXHS-QHTP respectively. 
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Tab. 5.3: α values obtained for the inner GPS network stations 
 

Site α1 α2 
CSN1 0.332228 0.115962 
OAT2 0.487210 0.162147 
CMP9 0.180552 0.388863 

 

The L1 correction terms for the inner baselines can then be determined by forming the 

linear combination, from equation (4-30). In order to form this linear combination the 

correction files have been modified to ensure they have the same number of double-

differenced correction terms, with matching receiver-satellite pairs, for both fiducial 

baselines. Hence, the double-differenced correction terms for the inner baselines could 

be derived in two different ways. Firstly, as described in the previous section, the 

corrections were determined directly using dual-frequency data and the modified Bernese 

software (Figures 5.3, 5.5 and 5.7). Secondly, they were obtained indirectly by forming a 

linear combination of the corrections for the fiducial baselines using the α values 

(Figures 5.8-5.10). Several parameters characterising these correction terms are listed in 

Table 5.2 (indicated by asterisks). It can be seen that the results are very similar. The 

corrections generated using the proposed method are a little smoother and do not show 

‘outliers’ as in the case of the directly determined correction terms. They certainly model 

the dominant characteristics of the correction terms very well. This indicates that the 

proposed procedure does indeed compute reliable correction terms for the inner 

baselines.  

 

 
 

Fig. 5.8+5.9: Double-differenced L1 corrections for inner baselines obtained  

using α values (DOY 221+222) 
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Fig. 5.10: Double-differenced L1 corrections for inner baselines obtained  

using α values (DOY 223) 

 
5.2.3  Baseline Results 

 
The Baseline software developed at UNSW is used to process the inner baselines in 

single-frequency mode, with and without using the empirically-derived ionospheric 

correction terms. For these investigations it can be assumed that no ground deformation 

has taken place during the period of observation. Hence, the baseline repeatability gives 

an indication of the accuracy that can be achieved with the proposed data processing 

strategy. Figure 5.11 shows the results obtained for the inner baselines using the Baseline 

software without applying ionospheric corrections on day 221, while Figure 5.12 shows 

the results obtained by applying the ionospheric corrections. Figures 5.13-5.14 and 5.15-

5.16 present the results obtained for the following two days respectively. The graphs 

show the Easting, Northing and Height components over a 24-hour period, each dot 

representing a single-epoch solution. The standard deviation of each component is also 

given. In both cases the Saastamoinen model was used to account for the tropospheric 

bias, as recommended by Mendes (1999). 
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Fig. 5.11: Results for inner baselines not using ionospheric corrections (DOY 221) 

 

 
 

Fig. 5.12: Results for inner baselines applying ionospheric corrections (DOY 221) 

 

 
 

Fig. 5.13: Results for inner baselines not using ionospheric corrections (DOY 222) 
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Fig. 5.14: Results for inner baselines applying ionospheric corrections (DOY 222) 

 

 
 

Fig. 5.15: Results for inner baselines not using ionospheric corrections (DOY 223) 

 

 
 

Fig. 5.16: Results for inner baselines applying ionospheric corrections (DOY 223) 

 

Table 5.4 lists the standard deviations (STD) of the results obtained for the inner 

baselines using the two different processing strategies (not applying corrections versus 

applying corrections) on three successive days. Comparing Figures 5.11-5.16, and taking 
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note of the information in Table 5.4, it is evident that the baseline results are improved 

significantly by applying the correction terms. On average, the standard deviation of the 

baseline results has been reduced by almost 50% for the horizontal components and 

almost 40% for the vertical component (Table 5.5). Using the proposed processing 

strategy, standard deviations of less than 1cm horizontally and 1.5-3cm vertically have 

been achieved for single-epoch baseline solutions (Table 5.4).  

 

For baselines involving a significant difference in station altitude, as for example in GPS 

volcano deformation monitoring networks, the accuracy could be further improved by 

estimating an additional residual relative zenith delay parameter to account for the 

residual tropospheric bias. Abidin et al. (1998), Roberts (2002), and others, claim that 

global troposphere models alone are not sufficient in such cases, and the relative 

tropospheric delay should be estimated.  

 

Tab. 5.4: Standard deviations of the inner baseline components on days 221-223 in [m] 

 

 Day 221, 
no corr. 

Day 221, 
corr. 

Day 222, 
no corr. 

Day 222, 
corr. 

Day 223, 
no corr. 

Day 223, 
corr. 

Baseline CSN1-OAT2      
STD Easting [m] 0.00904 0.00439 0.00964 0.00597 0.01165 0.00538 
STD Northing [m] 0.01073 0.00545 0.01114 0.00715 0.01415 0.00688 
STD Height [m] 0.02222 0.01419 0.03241 0.01922 0.03513 0.02332 
Baseline CSN1-CMP9      
STD Easting [m] 0.01213 0.00550 0.01401 0.00859 0.01709 0.00750 
STD Northing [m] 0.01402 0.00568 0.01444 0.01024 0.02077 0.00916 
STD Height [m] 0.03045 0.01570 0.03637 0.02438 0.04979 0.03280 
 

Tab. 5.5: Average improvement in the STD for both baselines on days 221-223 

 

Baseline DOY Easting [%] Northing [%] Height [%] 
221 51.4 49.2 36.1 
222 38.1 35.8 40.7 

CSN1-
OAT2 
(11km) 223 53.8 51.4 33.6 

221 54.7 59.5 48.4 
222 38.7 29.1 33.0 

CSN1-
CMP9 
(15km) 223 56.1 55.9 34.1 

Average [%] 49 47 38 
 

 



 

Data Processing and Analysis  Chapter 5 

133 

5.2.4  Summary 

 

The procedure, described in chapters 3 and 4, to process a mixed-mode GPS network for 

deformation monitoring applications has been tested using data collected in the mid-

latitude region. Single-frequency GPS observations have been enhanced using empirical 

corrections obtained from a fiducial network of dual-frequency reference stations 

surrounding the inner single-frequency network. This method accounts for the ionospheric 

bias that otherwise would have been neglected if using single-frequency data alone. Data 

from the SCIGN network have been used to simulate such a network configuration. 

 

The ionosphere has been shown to have a significant effect on GPS baseline results. This 

effect should not be neglected if it is necessary to detect deformational signals with 

single-frequency instrumentation at a high-accuracy level, even for short baselines in mid-

latitudes, experiencing rather homogeneous ionospheric conditions across the network.  

 

The double-differenced correction terms for the inner baselines were derived in two 

ways: directly using dual-frequency data and indirectly using the modelling approach. It 

was shown that the correction generation algorithm successfully models the correction 

terms for the inner (single-frequency) baselines.  

 

The single-frequency baseline repeatability has clearly been improved by applying the 

empirical correction terms. The standard deviation of the baseline results has been 

reduced by almost 50% for the horizontal components and almost 40% for the vertical 

component. Standard deviations of less than 1cm horizontally and 1.5-3cm vertically have 

been achieved for single-epoch baseline solutions. The strategy for processing a mixed-

mode GPS network has proven to be a cost-effective and accurate tool for deformation 

monitoring, suitable for a variety of applications.  

 

 

 

 

5.3  Hong Kong 2000 
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In an extension of the studies described in section 5.2, data from the Hong Kong GPS 

Active Network (Chen et al., 2001b) were used to investigate the performance of the 

proposed network configuration in low-latitude regions. Figure 5.17 shows the location 

of the GPS sites, which are all equipped with dual-frequency receivers. The test network 

consists of an outer network of three sites (HKKY, HKFN, HKSL) surrounding two inner 

sites (HKKT, HKLT). The outer sites were used as fiducial GPS reference stations, 

indicated by triangles in Figure 5.17, while the inner sites (indicated by circles) 

simulated single-frequency receiver stations (by ignoring the observations made on L2). 

The inner sites were connected to the fiducial site HKKY to form the inner (single-

frequency) baselines. Note that HKLT is located just outside the fiducial triangle, which 

should normally be avoided. However, this does not have any effect on the processing in 

this case, as HKKY-HKFN and HKKY-HKSL were used as fiducial baselines. The data 

were collected under solar maximum conditions, using an observation rate of 30s, on 

three consecutive days 11-13 October 2000 (DOY 285-287).  
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Fig. 5.17: Hong Kong GPS Active Network 

 

The ITRF2000 coordinates of the GPS network stations are listed in Table 5.6. These 

coordinates were taken from a global solution of a survey campaign spanning several 

days, generated by A/Prof. P. Morgan at the University of Canberra (Morgan, 2002, 

personal communication). 
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Tab. 5.6: ITRF2000 coordinates of the GPS network stations located in Hong Kong 
 

Site HKKY HKFN HKSL 
X [m] -2408850.4252 -2411012.9507 -2393382.4714 
Y [m] 5391042.1855 5380268.2082 5393861.1238 
Z [m] 2403591.9360 2425129.0592 2412592.3735 

Latitude (N) 22° 17’ 02.6499’’ 22° 29’ 40.8696’’ 22° 22’ 19.2165’’ 
Longitude (E) 114° 04’ 34.5651’’ 114° 08’ 17.4086’’ 113° 55’ 40.7355’’ 

Height [m] 113.975 41.173 95.261 
 

Site HKKT HKLT 
X [m] -2405143.9578 -2399062.7955 
Y [m] 5385195.1903 5389237.7987 
Z [m] 2420032.5128 2417327.0294 

Latitude (N) 22° 26’ 41.6614’’ 22° 25’ 05.2822’’ 
Longitude (E) 114° 03’ 59.6371’’ 113° 59’ 47.8470’’ 

Height [m] 34.532 125.897 
 

5.3.1  Ionospheric Corrections for the Fiducial Baselines 

 

Processing the dual-frequency data with a modified version of the Bernese software, 

ionospheric L1 correction terms were determined for four baselines on three successive 

days. The baselines HKKY-HKFN (24km) and HKKY-HKSL (18km) were used as 

fiducial reference baselines. For comparison, corrections were also obtained for the 

inner baselines HKKY-HKKT (18km) and HKKY-HKLT (17km) using observations 

made on both frequencies. Table 5.7 lists several parameters that characterise the 

correction terms, i.e. the minimum, maximum and mean corrections, their standard 

deviations and the number of double-differences involved. Figures 5.18, 5.20 and 5.22 

show the double-differenced corrections obtained for the fiducial baselines on L1 for 

three consecutive 24-hour observation sessions, while Figures 5.19, 5.21 and 5.23 show 

the corrections obtained for the inner baselines. 

 

It can be seen that, as expected, ionospheric activity in the equatorial region is at its peak 

between sunset and 2am local time. However, a lot of activity is also evident during 

daylight hours. As discussed in section 4.6.3, this can be explained by intensified small-

scale disturbances in the ionosphere and the primary diurnal maximum of the equatorial 

anomaly. Figures 4.3 and 4.4 place Hong Kong in a region of severe ionospheric activity. 

The ionosphere was a little less active on day 287 compared to the two preceding days. 
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The correction terms for all baselines show a similar pattern, but also reveal a distinct 

gradient for the ionospheric conditions. The magnitude of the ionospheric effect increases 

in the general direction from the southwest to the northeast, as indicated by the minimum 

and maximum correction terms and their standard deviations in Table 5.7. Note that the 

baselines considered are of approximately the same length, ranging from 17-24 km. The 

magnitude of the correction terms reaches values of more than two metres in some cases, 

which is rather surprising for such short baselines, and initially raised questions 

concerning the reliability of the corrections (see section 4.6). However, the results 

presented below prove that the corrections obtained here are indeed capable of 

improving baseline accuracy. Clearly, the ionospheric activity was extremely severe 

during the period of observation, therefore significantly affecting GPS measurements. 
 

Tab. 5.7: Double-differenced L1 corrections for different baselines 
 

Baseline D [km] min [m] max [m] mean [m] STD [m] #DD 
HK 11.10.2000 (L1)      
HKKY-HKFN 24 -1.71213 2.48976 -0.00822 0.42431 15336 
HKKY-HKSL 18 -1.50008 2.05149 -0.04926 0.20338 15324 
HKKY-HKKT 18 -0.94597 1.55869 -0.03585 0.32135 15457 
HKKY-HKKT* 18 -0.95862 1.54679 -0.02357 0.31403 14980 
HKKY-HKLT 17 -0.82337 0.88664 -0.04275 0.26003 13765 
HKKY-HKLT* 17 -0.81494 1.59456 -0.03768 0.26240 14980 
HK 12.10.2000 (L1)      
HKKY-HKFN 24 -2.22837 1.75940 -0.07406 0.35523 15340 
HKKY-HKSL 18 -2.05571 1.70337 -0.07584 0.23511 15303 
HKKY-HKKT 18 -1.13888 2.27508 -0.05846 0.33285 15381 
HKKY-HKKT* 18 -1.17069 1.11037 -0.07131 0.27568 15054 
HKKY-HKLT 17 -1.77687 0.98961 -0.08573 0.25912 13335 
HKKY-HKLT* 17 -1.59388 1.21132 -0.07871 0.25588 15054 
HK 13.10.2000 (L1)      
HKKY-HKFN 24 -1.02140 1.21435 0.00573 0.32181 16237 
HKKY-HKSL 18 -0.57189 0.56004 -0.03961 0.18332 16127 
HKKY-HKKT 18 -0.80377 0.88314 -0.00920 0.25847 16262 
HKKY-HKKT* 18 -0.80317 0.88367 -0.00973 0.25514 16024 
HKKY-HKLT 17 -0.70827 0.70789 -0.02482 0.23419 15638 
HKKY-HKLT* 17 -0.69860 0.69954 -0.02541 0.22962 16024 
* calculated using α values 
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Fig. 5.18+5.19: Double-differenced L1 corrections for fiducial (left) and  

inner (right) baselines (DOY 285) 

 

 
 

Fig. 5.20+5.21: Double-differenced L1 corrections for fiducial (left) and  

inner (right) baselines (DOY 286) 

 

 
 

Fig. 5.22+5.23: Double-differenced L1 corrections for fiducial (left) and  

inner (right) baselines (DOY 287) 

 



 

Data Processing and Analysis  Chapter 5 

138 

5.3.2  Ionospheric Corrections for the Inner Baselines 

 

Using equations (4-12) to (4-14), the α values were derived in order to relate the 

position of the inner network sites to the fiducial baselines. Table 5.8 lists the α values 

obtained for the inner GPS sites, α1 and α2 indicating the values corresponding to the 

fiducial baselines HKKY-HKFN and HKKY-HKSL respectively. 

 

Tab. 5.8: α values obtained for the inner GPS network stations 

 

Site α1 α2 
HKKT 0.627043 0.327184 
HKLT 0.351097 0.683660 

 

In this case the relation between these α values and the network geometry can easily be 

recognised. The inner sites HKKT and HKLT are both close to the line HKSL-HKFN. 

Even more so, the distances HKSL-HKLT, HKLT-HKKT and HKKT-HKFN are all 

about equal (8.7km, 7.8km and 9.2km respectively). For HKKT, the weights α1 ≈ 0.63 

and α2 ≈ 0.33 have been obtained, showing that this site is closer to the baseline HKKY-

HKFN (or HKFN) while it is approximately double this distance from the second fiducial 

baseline (or HKSL). Due to the inverted geometry, values of α1 ≈ 0.35 and α2 ≈ 0.68 

have been obtained for HKLT. 

 

The L1 correction terms for the inner baselines can be determined by forming the linear 

combination using equation (4-27). In order to form this linear combination the correction 

files have been modified to ensure they have the same number of double-differenced 

correction terms, with matching receiver-satellite pairs, for both fiducial baselines. 

Hence, the double-differenced correction terms for the inner baselines could be derived 

in two ways. Firstly, as described in the previous section, the corrections were 

determined directly using dual-frequency data and the modified Bernese software 

(Figures 5.19, 5.21 and 5.23). Secondly, they were obtained indirectly by forming a 

linear combination of the corrections for the fiducial baselines using the α values 

(Figures 5.24-5.26). Several parameters characterising these correction terms are listed 

in Table 5.7 (indicated by asterisks). It can be seen that the results are very similar, and 
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hence model the condition of the ionosphere very well. This again indicates that the 

proposed procedure indeed generates reliable correction terms for the inner baselines.  

 

 
 

Fig. 5.24+5.25: Double-differenced L1 corrections for inner baselines obtained  

using α values (DOY 285+286) 

 

 
 

Fig. 5.26: Double-differenced L1 corrections for inner baselines obtained  

using α values (DOY 287) 

 

5.3.3  Baseline Results 

 

The Baseline software is again used to process the inner baselines in single-frequency 

mode, with and without using ionospheric correction terms. It was assumed that no ground 

deformation had taken place during the period of observation. Figure 5.27 shows the 

results obtained for the inner baselines using the Baseline software without applying 

ionospheric corrections on day 285, while Figure 5.28 shows the results obtained by 

applying the ionospheric corrections. Figures 5.29-5.30 and 5.31-5.32 present the results 
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obtained for the following two days respectively. The graphs show the Easting, Northing 

and Height components over a 24-hour period, each dot representing a single-epoch 

solution. In both cases the Saastamoinen model was used to account for the tropospheric 

bias, as recommended by Mendes (1999). 

 

 
 

Fig. 5.27: Results for inner baselines not using ionospheric corrections (DOY 285) 

 

 
 

Fig. 5.28: Results for inner baselines applying ionospheric corrections (DOY 285) 

 

 
 

Fig. 5.29: Results for inner baselines not using ionospheric corrections (DOY 286) 
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Fig. 5.30: Results for inner baselines applying ionospheric corrections (DOY 286) 

 

 
 

Fig. 5.31: Results for inner baselines not using ionospheric corrections (DOY 287) 

 

 
 

Fig. 5.32: Results for inner baselines applying ionospheric corrections (DOY 287) 

 

Table 5.9 lists the standard deviations (STD) of the results obtained for the inner 

baselines using the two different processing methods (not applying corrections versus 

applying corrections) on three successive days. Although a comparison of Figures 5.27-
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5.32 does not clearly show this, indeed the baseline results are improved by applying the 

correction terms (as indicated by Table 5.9). On average, the standard deviation of the 

baseline results has been reduced by about 20% in all three components (Table 5.10). 

The biggest improvement (of approximately 25%) was achieved on day 287, the day with 

comparatively calm ionospheric conditions. This indicates that extreme ionospheric 

conditions, such as those experienced in the equatorial anomaly region during solar cycle 

maximum periods, can reduce the efficiency of the proposed method. This is most likely 

due to short-term effects that cannot be modelled adequately. When applying the 

correction terms, the standard deviations still reach values of 2.0-3.5cm for the horizontal 

components and 4.5-6.5cm for the height component – values too large to permit reliable 

detection of ground deformation at the centimetre level. Unfortunately the promising 

results obtained at mid-latitudes (see section 5.2) could not be repeated for this network, 

situated as it is in the equatorial region, even though the fiducial baseline lengths in this 

network were much shorter compared to SCIGN.  

 

Tab. 5.9: Standard deviations of the inner baseline components on days 285-287 in [m] 

 

 Day 285, 
no corr. 

Day 285, 
corr. 

Day 286, 
no corr. 

Day 286, 
corr. 

Day 287, 
no corr. 

Day 287, 
corr. 

Baseline HKKY-HKKT      
STD Easting [m] 0.02994 0.02578 0.02888 0.02440 0.02738 0.02091 
STD Northing [m] 0.03327 0.02635 0.03384 0.02814 0.02927 0.02197 
STD Height [m] 0.06150 0.05774 0.06435 0.04770 0.06185 0.04519 
Baseline HKKY-HKLT      
STD Easting [m] 0.02957 0.02508 0.02895 0.02452 0.02747 0.02049 
STD Northing [m] 0.03265 0.02646 0.03579 0.03136 0.02991 0.02202 
STD Height [m] 0.06204 0.05841 0.06526 0.05151 0.06208 0.04578 
 

Tab. 5.10: Average improvement in the STD for both baselines on days 285-287 

 

Baseline DOY Easting [%] Northing [%] Height [%] 
285 13.9 20.8   6.1 
286 15.5 16.8 25.9 

HKKY-
HKKT 
(18km) 287 23.6 24.9 26.9 

285 15.2 19.0   5.9 
286 15.3 12.4 21.1 

HKKY-
HKLT 
(17km) 287 25.4 26.4 26.3 

Average [%] 18 20 19 
 



 

Data Processing and Analysis  Chapter 5 

143 

5.3.4  Summary 

 

The results obtained for the Hong Kong GPS network show that very large ionospheric 

correction terms (of the order of several cycles) are still able to improve the accuracy of 

the baseline solutions. Hence they do model the ionospheric conditions (at least to some 

extent). However, due to the severity of the ionospheric conditions, the fiducial baselines 

have to be comparatively short in order to ensure this. A distinct gradient in the 

ionospheric conditions has been detected with increasing ionospheric effects in the 

general direction from the southwest to the northeast of the GPS network. The single-

frequency baseline repeatability has been improved by applying the empirical correction 

terms. The standard deviation of the baseline results has been reduced by approximately 

20% in all three components. However, the findings also indicate that extreme 

ionospheric conditions, such as those experienced in close proximity to the geomagnetic 

equator during solar cycle maximum periods, can reduce the efficiency of the proposed 

method. 

 

5.4  Malaysia / Singapore 2001 

 

In order to investigate the performance of the proposed network configuration for a 

network situated in the centre of the equatorial region, data from a network comprising 

sites in Malaysia and Singapore were analysed. Figure 5.33 shows the location of the 

GPS sites, which are all equipped with dual-frequency receivers. The test network 

consists of an outer network of three sites (LOYA, DOP2, TSDL) surrounding one inner 

site (SEMB). The outer sites were used as fiducial GPS reference stations, indicated by 

triangles in Figure 5.33, while the inner site (indicated by a circle) was used as a single-

frequency receiver station (by ignoring the observations made on L2). The inner site was 

connected to the fiducial site LOYA to form the inner baseline. The data were collected 

under solar maximum conditions, using an observation rate of 30s, on three consecutive 

days 9-11 October 2001 (DOY 282-284). 

 

The ITRF2000 coordinates of the GPS network stations are listed in Table 5.11. These 

coordinates were taken from a global solution of a survey campaign spanning several 
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days, generated by A/Prof. P. Morgan at the University of Canberra (Morgan, 2002, 

personal communication). 
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Fig. 5.33: GPS network in Malaysia / Singapore 

 

Tab. 5.11: ITRF2000 coordinates of the GPS network stations located  

in Malaysia / Singapore 

 

Site DOP2 LOYA 
X [m] -1500246.3392 -1539521.7224 
Y [m] 6197397.9982 6187727.2632 
Z [m] 152195.8442 151766.4896 

Latitude (N) 1° 22’ 35.4814’’ 1° 22’ 21.5306’’ 
Longitude (E) 103° 36’ 29.4909’’ 103° 58’ 17.9294’’ 

Height [m] 91.650 51.153 
 

Site TSDL SEMB 
X [m] -1554345.1155 -1523020.9337 
Y [m] 6182152.4267 6191514.2528 
Z [m] 213246.3325 162500.1192 

Latitude (N) 1° 55’ 43.9978’’ 1° 28’ 11.1081’’ 
Longitude (E) 104° 06’ 46.9408’’ 103° 49’ 10.3457’’ 

Height [m] 11.464 30.900 
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5.4.1  Ionospheric Corrections for the Fiducial Baselines 

 

As before, processing the dual-frequency data with a modified version of the Bernese 

software permitted ionospheric L1 correction terms to be determined for the three 

baselines on three successive days. The baselines LOYA-DOP2 (40km) and LOYA-

TSDL (63km) were used as fiducial reference baselines. For comparison purposes, 

corrections were also obtained for the inner baseline LOYA-SEMB (20km) using 

observations made on both frequencies. As in the previous studies, Table 5.12 lists 

several parameters characterising the correction terms. Figures 5.34, 5.36 and 5.38 show 

the double-differenced corrections obtained for the fiducial baselines on L1 for three 

consecutive 24-hour observation sessions, while Figures 5.35, 5.37 and 5.39 show the 

corrections obtained for the inner baseline.  

 

It can be seen that, as expected, ionospheric activity in the equatorial region is at its peak 

between sunset and 2am local time. The ionosphere was a little less active on day 283 

compared to the other two days. The correction terms for all baselines show a similar 

pattern, but the magnitude of the correction terms reaches values of more than three metres 

in some cases! In addition, the corrections obtained for the inner baseline show large 

disturbances after 8pm local time, indicating severe ionospheric activity.  

 
Tab. 5.12: Double-differenced L1 corrections for different baselines 

 

Baseline D [km] min [m] max [m] mean [m] STD [m] #DD 
Malaysia 9.10.2001 (L1)      
LOYA-DOP2 40 -3.23465 4.35245 0.19770 0.49512 16542 
LOYA-TSDL 63 -2.74020 2.81592 0.28752 0.66578 16075 
LOYA-SEMB 20 -4.16128 3.25775 -0.00094 0.37967 15810 
LOYA-SEMB* 20 -1.64747 2.17213 0.13607 0.28752 15083 
Malaysia 10.10.2001 (L1)      
LOYA-DOP2 40 -1.93588 2.45310 0.10724 0.38426 18318 
LOYA-TSDL 63 -1.36700 2.31962 0.17131 0.53219 17671 
LOYA-SEMB 20 -0.98025 1.49007 0.00706 0.16113 17110 
LOYA-SEMB* 20 -1.03280 1.19043 0.08102 0.24261 17204 
Malaysia 11.10.2001 (L1)      
LOYA-DOP2 40 -2.61689 3.82900 0.22161 0.55332 16666 
LOYA-TSDL 63 -3.11448 2.73885 0.26741 0.62588 16160 
LOYA-SEMB 20 -2.73022 1.87323 -0.01700 0.29432 15795 
LOYA-SEMB* 20 -1.43918 1.72888 0.15298 0.31031 15172 
* calculated using α values 
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Fig. 5.34+5.35: Double-differenced L1 corrections for fiducial (left) and  

inner (right) baselines (DOY 282) 

 

 
 

Fig. 5.36+5.37: Double-differenced L1 corrections for fiducial (left) and  

inner (right) baselines (DOY 283) 

 

 
 

Fig. 5.38+5.39: Double-differenced L1 corrections for fiducial (left) and  

inner (right) baselines (DOY 284) 
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5.4.2  Ionospheric Corrections for the Inner Baseline 

 

The position of the inner GPS site in relation to the fiducial baselines is expressed by the 

α values (equations (4-12)-(4-14)), which were found to be α1 = 0.485100 and α2 = 

0.171194, corresponding to the fiducial baselines LOYA-DOP2 and LOYA-TSDL 

respectively. 

 

The L1 correction terms for the inner baseline can then be determined by forming the 

linear combination using equation (4-27). In order to form this linear combination, the 

correction files have been modified to ensure that they contain the same number of 

double-differenced correction terms, with matching receiver-satellite pairs, for both 

fiducial baselines. As before, the double-differenced correction terms for the inner 

baseline could be derived in two ways. Firstly, as described in the previous section, the 

corrections were determined directly using dual-frequency data and the modified Bernese 

software (Figures 5.35, 5.37 and 5.39). Secondly, they were obtained indirectly by 

forming a linear combination of the corrections for the fiducial baselines using the α 

values (Figures 5.40-5.42). Several parameters characterising these correction terms are 

listed in Table 5.12 (indicated by asterisks). The graphs show a similar pattern, but the 

corrections generated using the α values are a little noisier. This indicates that 

unmodelled atmospheric biases are still present, which is likely to affect baseline results. 

 

 
 

Fig. 5.40+5.41: Double-differenced L1 corrections for the inner baseline obtained 

using α values (DOY 282+283) 
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Fig. 5.42: Double-differenced L1 corrections for the inner baseline obtained 

using α values (DOY 284) 

 

5.4.3  Baseline Results 

 

The Baseline software was again used to process the inner baseline in single-frequency 

mode, with and without using ionospheric correction terms. It was assumed that no ground 

deformation had taken place during the period of observation. Figures 5.43-5.45 show the 

results obtained for the inner baseline using the Baseline software without applying 

ionospheric corrections (left), and after applying the ionospheric corrections (right). The 

graphs show the Easting, Northing and Height components over a 24-hour period on three 

successive days, each dot representing a single-epoch solution. In both cases the 

Saastamoinen model was used to account for the tropospheric bias, as recommended by 

Mendes (1999). 

 

 
 

Fig. 5.43: Results for inner baseline not applying (left) and  

applying (right) corrections (DOY 282) 
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Fig. 5.44: Results for inner baseline not applying (left) and  

applying (right) corrections (DOY 283) 

 

 
 

Fig. 5.45: Results for inner baseline not applying (left) and  

applying (right) corrections (DOY 284) 

 

Table 5.13 lists the standard deviations (STD) of the results obtained for the inner 

baseline using the two different processing methods (not applying corrections versus 

applying corrections) on three successive days. This table and Figures 5.43-5.45 clearly 

show that the corrections do not improve the quality of the baseline results. In most cases 

the standard deviations are actually slightly increased when correction terms are used in 

the baseline processing. This result is rather disappointing and can be explained by the 

extremely variable ionospheric conditions that were experienced, which cannot be 

modelled properly in this case. However, it is interesting to note that the standard 

deviations reach values of 1.5-2.4cm for the horizontal components and 4.5-5.5cm for the 

height component. In spite of the slightly longer inner baseline and the significantly longer 

fiducial baseline lengths compared to the Hong Kong network, these values are actually 
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better (lower). Nevertheless it seems that the performance of the proposed network 

processing strategy degrades with decreasing geographic latitude of the GPS network. 

 

Tab. 5.13: Standard deviations of the inner baseline components on days 282-284 in [m] 

 

 Day 282, 
no corr. 

Day 282, 
corr. 

Day 283, 
no corr. 

Day 283, 
corr. 

Day 284, 
no corr. 

Day 284, 
corr. 

Baseline LOYA-SEMB      
STD Easting [m] 0.02435 0.02282 0.02139 0.02405 0.02328 0.02276 
STD Northing [m] 0.01581 0.01842 0.01612 0.01781 0.01486 0.01864 
STD Height [m] 0.04932 0.05456 0.04508 0.05050 0.04600 0.05484 
 

5.4.4  Summary 

 

Similar to the Hong Kong network studies, the magnitudes of the correction terms were 

found to be very large for the Malaysia-Singapore network. The single-frequency 

baseline repeatability could not be improved by applying the empirical correction terms. 

It seems that the performance of the proposed network processing strategy degrades with 

decreasing geographic latitude of the GPS network, which is most likely due to the 

extreme short-term variations in the ionosphere in the equatorial region during a solar 

maximum. 

 

It is worth noting that a large number of drop-outs on L2 occurred in the raw RINEX data 

for the fiducial sites DOP2 and TSDL. This indicates the presence of high scintillation 

effects causing loss-of-lock on L2. Furthermore, it reduces the number of double-

differenced corrections that can be formed from the dual-frequency data, which in turn 

increases the number of double-differences that cannot be corrected in the single-

frequency data processing (because the correction is missing). This partly explains the 

disappointing performance of the proposed processing strategy in this network.  

 

 

 

 

5.5  Papandayan 2001 

 



 

Data Processing and Analysis  Chapter 5 

151 

During July 2001 data were collected from the mixed-mode GPS-based volcano 

deformation monitoring system on Gunung Papandayan in West Java, Indonesia. Figure 

5.46 shows the location of the GPS sites. The fiducial stations GUNT, PAME and PANG 

are denoted by triangles, while the inner single-frequency sites (BASE, BUKI, NANG, 

KAWA) are indicated by circles. The data were collected under solar maximum 

conditions, using an observation rate of 15 seconds, on four consecutive days 11-14 July 

2001 (DOY 192-195). The Cartesian ITRF2000 coordinates of the GPS network sites are 

given in Tables 2.1 and 2.2 (see section 2.5.4). 
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Fig. 5.46: Mixed-mode GPS network on Gunung Papandayan 2001 

 

5.5.1  Ionospheric Corrections for the Fiducial Baselines 

 

In order to check the quality of the fiducial stations, data collected on 28 successive days 

between July 5 and August 1, 2001, (DOY 186-213) were processed using the GAMIT 

software package (King & Bock, 1995), generating global 24-hour solutions. Figures 

5.47-5.49 show the resulting Northing, Easting and Height components for the three sites, 

and their standard deviations, over the period considered (the horizontal axis indicating 

the day of year). 
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Fig. 5.47: Position time series of GUNT on 29 consecutive days (DOY 186-214) 
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Fig. 5.48: Position time series of PAME on 28 consecutive days (DOY 186-213) 
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Fig. 5.49: Position time series of PANG on 28 consecutive days (DOY 186-213) 
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It can be seen that the repeatability of the horizontal coordinate components is at the sub-

centimetre level, while the vertical component exhibits a larger variation. This illustrates 

the high quality of the dual-frequency data. However, it is evident that the quality of 

PAME is slightly inferior to the other two fiducial sites, as indicated by comparatively 

larger coordinate variations, especially in the height component. Clearly, a problem 

occurred at PAME on day 203, resulting in a very large uncertainty of the solution. 

Another example of obvious degradation in GPS data quality can be found at PANG on 

day 213. 

 

Processing the dual-frequency GPS data with a modified version of the Bernese software 

allowed ionospheric L1 correction terms to be determined for the two fiducial baselines 

GUNT-PAME (53km) and GUNT-PANG (31km) on four successive days (DOY 192-

195). The corrections have already been analysed in section 4.6.4 (see Figure 4.19 and 

Table 4.5). 

 

It is obvious that the ionosphere is highly variable, resulting in correction terms of up to 

2m in magnitude for the longer baseline. A lot of activity is evident during daytime hours, 

which is probably a result of a relatively high primary diurnal maximum for the equatorial 

anomaly, as discussed in section 4.6.3.  

 

5.5.2  Baseline Results 

 

Following the procedure outlined in chapter 4, the α values were derived using equations 

(4-12) to (4-14). Table 5.14 lists the α values obtained for the inner GPS sites, α1 and α2 

indicating the values corresponding to the fiducial baselines GUNT-PAME and GUNT-

PANG respectively. 

 

Tab. 5.14: α values obtained for the inner GPS network stations 

 

Site α1 α2 
Base (BASE) 0.168344 0.146958 
Bukit Maung (BUKI) 0.257577 0.274309 
Nangklak (NANG) 0.272469 0.311687 
Kawah (KAWA) 0.256577 0.298450 
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Baseline processing was then carried out, with and without applying the empirically 

derived correction terms. In both cases the Saastamoinen model was used to account for 

the tropospheric bias, as recommended by Mendes (1999). 

 

Figures 5.50-5.53 show the results obtained for the three inner baselines without applying 

ionospheric corrections (left), and the results obtained by applying the corrections (right) 

on four consecutive days. The graphs show the Easting, Northing and Height components 

over a 24-hour period, each dot representing a single-epoch solution. 

 

Table 5.15 lists the standard deviations of the results obtained for the inner baselines 

using the two different processing methods (not applying corrections versus applying 

corrections). Clearly, the corrections do not improve the results when applied in the data 

processing. The standard deviations cannot be reduced below 3.1-5.0cm for the 

horizontal components and 7.0-8.0cm for the vertical component. 

 

Tab. 5.15: Standard deviations of the inner baseline components on days 192-195 in [m] 

 

 BASE-
BUKI, 

no corr. 

BASE-
BUKI, 
corr. 

BASE-
NANG, 
no corr. 

BASE-
NANG, 

corr. 

BASE-
KAWA, 
no corr. 

BASE-
KAWA, 

corr. 
DOY 192       
STD Easting [m] 0.04658 0.04610 0.04449 0.04467 0.04183 0.04796 
STD Northing [m] 0.03791 0.03996 0.03420 0.03409 0.03039 0.03270 
STD Height [m] 0.08198 0.07911 0.07950 0.07965 0.07122 0.07077 
DOY 193       
STD Easting [m] 0.05059 0.04917 0.04796 0.04673 0.04783 0.05026 
STD Northing [m] 0.03636 0.03703 0.03513 0.03357 0.03107 0.03154 
STD Height [m] 0.08356 0.07987 0.08044 0.08049 0.07829 0.07945 
DOY 194       
STD Easting [m] 0.04635 0.04924 0.04677 0.04811 0.04487 0.04910 
STD Northing [m] 0.03889 0.04065 0.03706 0.03693 0.03218 0.03176 
STD Height [m] 0.08283 0.07764 0.08220 0.07713 0.07639 0.07390 
DOY 195       
STD Easting [m] 0.04951 0.04860 0.04266 0.04345 0.04807 0.04795 
STD Northing [m] 0.03556 0.03610 0.03356 0.03265 0.03124 0.03128 
STD Height [m] 0.07875 0.07811 0.07853 0.08005 0.07859 0.07408 
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Fig. 5.50: Results for inner baselines not applying (left) and  

applying (right) corrections (DOY 192) 
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Fig. 5.51: Results for inner baselines not applying (left) and  

applying (right) corrections (DOY 193) 
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Fig. 5.52: Results for inner baselines not applying (left) and  

applying (right) corrections (DOY 194) 
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Fig. 5.53: Results for inner baselines not applying (left) and  

applying (right) corrections (DOY 195) 

 

5.5.3  Summary 

 

The results from Gunung Papandayan are disappointing, but are consistent with the trend 

of decreasing performance of the proposed mixed-mode data processing strategy the 

closer the GPS network is situated to the geomagnetic equator. Even for short baselines of 



 

Data Processing and Analysis  Chapter 5 

161 

the order of 8km in length, the fiducial network with baseline lengths of 31km and 53km 

cannot improve the single-frequency GPS results under solar maximum conditions, when 

applied on an epoch-by-epoch basis. The standard deviations of the baseline results 

could not be reduced below 3.1-5.0cm in the horizontal components and 7.0-8.0cm in the 

vertical component – values too large to detect ground deformation at the centimetre-

accuracy level. The data were screened for multipath signals using the adaptive filter 

method developed by Ge et al. (2000a), but no multipath was detected. 

 

5.6  Detection of Abnormal Deformation 

 

A reliable deformation monitoring system has to ensure that ground displacements can be 

detected as soon as possible. Analysis of GPS coordinate time series using deformation 

monitoring software can detect variations from the usual deformation pattern that might, 

for example, indicate an imminent volcanic eruption. In such a case, the authorities can 

issue warnings to the population likely to be affected by the event and hazard mitigation 

procedures can be initiated. The software should be able to run automatically and to 

distinguish between the true deformational signal and any abnormal behaviour. 

 

In order to demonstrate how the GPS baseline results, for example obtained in this 

chapter, can be used to detect deformation, selected coordinate time series have been 

processed with the UNSW-developed Real-Time System Monitor (RTSM) software 

(Ogaja, 2002a; 2002b). This software can analyse continuous data streams in real-time, 

and compare the results with specified criteria in order to detect deformation signals, as 

well as to characterise the behaviour of the monitoring system itself. Functions for online 

analysis check the consistency between multiple monitoring GPS receivers, detect 

abnormal observations as quickly as possible, and either provide clues on the possible 

cause (e.g. GPS sensor faults), or simply issue an alert if a pre-defined limit is exceeded. 

 

RTSM utilises the cumulative sum (cusum) technique, an algorithm to detect small but 

persistent changes in the mean and/or the standard deviation of a time series (e.g. 

Basseville & Nikiforov, 1993; Hinkley, 1971; Mertikas, 2001; Page, 1954; 1957). The 

Easting, Northing and Height components of the rover receivers (e.g. located on the 

deforming body) are used as input parameters. Between-receiver residuals are then 
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determined and used to generate cusums. The cusum essentially tests shifts in the mean of 

the residuals. RTSM is also capable of fast and online feedback, identifying when an 

abrupt shift occurs and estimating the magnitude of the shift. Hence the cusum algorithm is 

an ideal tool for controlling the performance of continuous GPS deformation monitoring 

networks. 

 

Figure 5.54 shows the RTSM time series plots panel for the GPS coordinate time series 

obtained from the SCIGN network after applying ionospheric corrections on day 221 (see 

section 5.2.3). RTSM is currently designed to accommodate three GPS stations but the 

network considered here contains only two monitoring stations. Therefore, while the 

graphs for Rover 1 show the data referring to the baseline CSN1-OAT2, the graphs 

labelled Rover 2 and Rover 3 both show the data obtained for the baseline CSN1-CMP9. 

The limits for the Easting, Northing and Height components are calculated in real-time 

using the running mean, and are also shown. The windows in view correspond to one 

hour of data and can be changed to accommodate a different number of epochs if desired. 

The legend on the right shows the differences from the running mean for the current epoch 

in units of centimetres.  

 

A graphic interpretation of the cumulative sum is given in the upper right corner of Figure 

5.54. The graph shows the cusums for the three baselines connecting the three rovers to 

each other and their pre-set limit. In this case the cusums for the baselines are very 

similar and appear to be one single curve. If the curves belonging to the two baselines 

involving a certain rover exceed the cusum limit at the same time, a GPS sensor fault or 

abnormal deformation can be attributed to this receiver. The sensor flag, shown in the 

upper left corner of the panel, corresponding to this receiver will then be set to red. In 

addition, a warning message will appear on the screen whenever the pre-set limit is 

exceeded. Obviously, due to the nature of the data collected, no deformation has been 

detected in this case. 
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Fig. 5.54: RTSM panel displaying time series plots for the SCIGN data (DOY 221) 

 

In a similar manner, the coordinate time series obtained for the data collected on Gunung 

Papandayan after applying ionospheric corrections on day 192 is depicted in Figure 5.55. 

The graphs for Rover 1, 2 and 3 refer to the baselines between the base and the slave 

stations Bukit Maung, Nangklak and Kawah respectively (see section 5.5.2). The 

windows in view correspond to one hour of data. It is evident that the cusum chart shows 

more variation compared to the SCIGN data set and the curves belonging to the three 

baselines connecting the slaves are clearly visible. If the pre-set limits had not been 

increased to account for the large coordinate variations, several false alarms would have 

been issued. The large magnitude of the coordinate solution uncertainty precluded the 

detection of any small-scale deformation that might have occurred on the volcano. 
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Fig. 5.55: RTSM panel displaying time series plots for the Papandayan data (DOY 192) 

 

5.7  Concluding Remarks 

 

Data from several GPS networks have been used to show the feasibility of using the 

proposed data processing strategy for a mixed-mode GPS deformation monitoring 

network. The data were collected under solar maximum conditions at several different 

geographical locations. 

 

The results have highlighted that the ionosphere has a significant impact on GPS baseline 

repeatability. It was shown that the correction generation algorithm can successfully 

model the ionospheric delay (at least to some extent).  

 

In the mid-latitude region, single-frequency baseline repeatability has clearly been 

improved by applying the empirically-derived correction terms. The standard deviation 

of the GPS baseline results has been reduced by almost 50%. Standard deviations of less 

than 1cm horizontally and 1.5-3cm vertically have been achieved for single-epoch 

baseline solutions. 
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Unfortunately these promising results could not be repeated for GPS networks situated in 

the equatorial region. The empirical correction terms tend to be very large (of the order 

of several cycles), even for comparatively short (17-24 km) fiducial baselines, indicating 

severe ionospheric disturbances in close proximity to the geomagnetic equator during 

solar maximum periods. A data set collected in Hong Kong showed about 20% 

improvement in the standard deviation of all three components when corrections were 

applied. However, the standard deviation of the baseline components for single-epoch 

baseline solutions could not be reduced below the few-centimetre level. At Gunung 

Papandayan the single-frequency GPS baseline results could not be improved by applying 

the empirical corrections on an epoch-by-epoch basis, in spite of relatively short fiducial 

baselines of 31km and 53km in length. 

 

It is evident that the performance of the proposed processing strategy degrades with 

decreasing geomagnetic latitude. This is most likely due to extreme short-term variations 

in the ionosphere that cannot be modelled adequately during periods of maximum sunspot 

activity using a sparse fiducial network. Nevertheless, it has been shown that a mixed-

mode GPS network can be a cost-effective tool for deformation monitoring if it is not 

subject to extreme ionospheric conditions. 

 

The UNSW-developed Real-Time System Monitor (RTSM) software has been used to 

demonstrate how the GPS baseline results obtained by such a GPS-based deformation 

monitoring system can be used to detect ground displacements in real-time. Obviously, 

due to the nature of the data sets used in this study, deformation was not experienced. The 

magnitude of the coordinate solution uncertainty at Gunung Papandayan precluded the 

detection of any small-scale deformation that might have occurred on the volcano. 

However, the continuous mixed-mode GPS network approach described in this thesis has 

been shown to have the potential to detect ground deformation as it occurs, thereby 

contributing to hazard mitigation. 
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