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ABSTRACT 
 

The aim of this research was to develop the best strategy for the mitigation of the tropospheric delays in 
processing of precise local GPS networks. With the requirement of sub-centimetre accuracy and the 
availability of precise IGS products, one of the ultimate accuracy limiting factors in GPS positioning is 
the tropospheric delay. This is especially true for the accuracy of the height component. In many precise 
GPS applications, e.g. ground deformation and displacement analyses, volcano monitoring, the vertical 
accuracy is of crucial importance. 
   Several processing strategies for the troposphere modelling available in the Bernese software were 
applied and tested. The results from our research show that in the case of small networks (with 
baselines <10 km and point height differences < 100m)the best strategy is to use of a troposphere model 
in order to derive zenith tropospheric delays that are fixed in the adjustment. This allows to achieve 
mm-level accuracies of both horizontal and vertical coordinates. The estimation of the tropospheric 
delays from the GPS data does not provide satisfactory results, even in the case of a relative 
troposphere estimation. 
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INTRODUCTION 
 
   The influence of the neutral atmosphere on GNSS (Global Navigation Satellite 
System) signals is commonly called the tropospheric delay. It is an important element 
which diminishes the accuracy of GNSS measurements and causes systematic biases. 
As it is strongly correlated with the estimated height, the tropospheric delay 
predominately affects the accuracy of the height coordinate component rather than the 
horizontal components [20]. Nowadays, it is believed that in GNSS precise positioning 
the ultimate accuracy-limiting factor is the tropospheric delay [20], [5], [10]. Yet, a 
millimetre-level accuracy in the vertical coordinate is often required. In many precise 
GNSS surveying applications, e.g. ground deformation, displacement analyses, 
volcano monitoring, the vertical accuracy is of great importance. Hence, the mitigation 
of the tropospheric delays is crucial to the processing of local GNSS networks and still 
a hot topic for Earth sciences and geodetic and surveying applications. However, one 
must also take care of the other error sources such as ionospheric delays, multipath 
effects and signal obstructions.  
   With respect to the water vapour content, it is common to divide the troposphere into 
two parts: a hydrostatic and a non-hydrostatic part, sometimes called dry and wet part, 
respectively. It is agreed that about 90% of the tropospheric delay is caused by the dry 
part of the troposphere [13]. The total tropospheric delay in the zenith direction 
amounts to about 2.4 m at sea level. Tropospheric zenith delay models for hydrostatic 
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and non-hydrostatic components are functions of meteorological parameters. It is not 
difficult to compute the hydrostatic part of the tropospheric delay. It may be calculated 
from various hydrostatic tropospheric models that use standard atmospheric 
parameters, surface meteorological measurements or using parameters obtained from 
models like GPT (Global Pressure and Temperature), which do not require external 
input data, or from numerical weather models like ECMWF (European Centre for 
Medium-Range Weather Forecasts) [4]. On the other hand, it is extremely difficult to 
model or determine the distribution of the water vapour, which is crucial for the ability 
to correct the non-hydrostatic delay, because its distribution is neither linear nor 
homogenous, and varies in the horizontal and vertical plane [26], [23].  
   The tropospheric delay to a satellite observed at a particular elevation angle is called 
the slant total tropospheric delay (STD). In the most straightforward representation of 
GNSS signals, each satellite’s signal has its own STD: a complex equation, because 
there are usually many satellites visible at every epoch. Fortunately, it is a reasonable 
approximation (and numerically advantageous) to assume that the STD can be created 
from the zenith total delay (ZTD). The tropospheric delay towards the zenith above the 
antenna has, by definition, no elevation dependence and would be the same for all 
observations at an epoch. The STD is obtained by multiplying the ZTD with a mapping 
function. Mapping functions are mathematical formulas that account for the elevation 
angle and allow to convert a ZTD to the appropriate STD [14], [18], [25]. Mapping 
functions, like tropospheric models, depend on meteorological parameters. They have 
already been compared by several researchers [30], [5]; however, those studies concern 
rather large (global) scale networks. The STD for any satellite at any elevation angle 
can be computed from [15]: 
 

)()()( EmZWDEmZHDESTD wd ×+×=                                   (1) 

where:  
E  - elevation angle, 
STD(E) - slant total delay, 
ZHD  - zenith hydrostatic (dry) delay  

dm (E)  - mapping function for the hydrostatic part, 
ZWD  - zenith non-hydrostatic (wet) delay, 

wm (E)  - mapping function for the non-hydrostatic part. 
 

   There are several methods of mitigating the tropospheric delay in precise, relative 
GNSS positioning [2], [10]. The easiest way is to assume that the tropospheric delay is 
the same (or very similar) on both ends of a baseline. This is true only for short 
baselines with very small height differences, where this bias is (mostly) reduced by 
double differencing of the original observations. Another possibility is to use 
tropospheric models in the processing, for example Saastamoinen, Hopfield and 
Modified Hopfield with standard atmosphere parameters [11], [17], [13], [15]. A 
slightly different approach is to use these models with surface meteorological data 
collected at the observation sites or obtained from global or regional numerical 
meteorological models like ECMWF, COAMPS (Coupled Ocean/Atmosphere 
Mesoscale Prediction System) or simplified models like GPT [4]. Research shows that 
meteorological parameters derived in these two ways show reasonable agreement [7], 
[1]. The most advanced method is to treat the tropospheric delay as a parameter in the 
least squares adjustment and to estimate it in the post-processing of the GNSS data, 
using ZHD or ZTD from tropospheric models only as a priori information. This, 
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however, requires the processing of long baselines (over 100 km), due to the 
correlation of the ZTD at close sites. When processing small, precise networks, a 
relative modelling is recommended [10], [29]. In this strategy, the model-derived ZTD 
for one (or more) stations is fixed or tightly constrained. The corrections for all other 
sites are allowed to change. This results in corrections for all other sites relative to the 
fixed ZTD at the selected site. 
   Studies on the mitigation of the tropospheric delay in precise surveying applications 
like deformation monitoring have been carried out by several research groups. 
Published results concerned volcano monitoring with very large height differences 
between the control points [22], open pit mines monitoring [6], geodynamic studies 
[8], dam structural monitoring [24] and many others. The latest studies concern 
applications of mapping functions derived from numerical weather models, like GMF 
(Global Mapping Function) and VMF1 (Vienna Mapping Function), to GPS 
processing [3]. These mapping functions are said to provide the most accurate 
troposphere modelling today [25]. However, the dependence of the VMF1 on external 
data can be a drawback. 
   The study presented here concerns an urban area. The analyses were carried out 
using the Bernese v. 5.0 GPS software, which is very often used in geodynamics 
studies and high-precision deformation monitoring [10]. The Bernese software was 
primarily designed for the processing of large-scale GNSS networks. This application 
is well studied and documented in the literature [9]. However, a processing strategy for 
precise local networks is not evaluated completely. This mostly concerns the proper 
treatment of the tropospheric delays. The aim of this research was to study the 
influence of the different strategies of the tropospheric delay mitigation available in the 
Bernese software on the resulting coordinate accuracy in local, precise satellite 
networks (with baselines of less than about 10 km). The main focus of this study was 
to assess the proper level of the constraints imposed on ZTD parameters in the 
adjustment. 

EXPERIMENT 
 

   The test area is located in the Main and Old City of Gdansk in Poland. This network 
was established earlier for precise ground deformation monitoring. The network 
consists of 4 reference points (PP) and 12 monitoring points (CC). Two main reference 
points (PP02 and PP05) were used in this experiment. Their known coordinates were 
constrained to 0.002 m. Two secondary reference points (PP03 and PP04) are routinely 
used only to check the stability of the main points. The length of the processed 
baselines varied from 1.0 km to 3.2 km. The monuments of the reference points were 
established in a stable area, at ellipsoidal heights of approximately 75-95 m. The 
monitoring points were located at heights of 30-36 m. Thus the average height 
difference between the monitoring and the reference points is about 60 m. The geoidal 
undulation in this region is approximately 30 m. It should be emphasized that the GPS 
antennas at the reference points were mounted on concrete pillars by means of forced 
centring. The antennas were removed between the sessions and mounted again at the 
beginning of the next session. Their heights above the pillar benchmarks were 
precisely measured with precision of 0.1 mm. At the monitoring points, the antennas 
were mounted using special metal poles that provided forced centring. This solution 
does not allow any changes of the antenna position (including its height over a point) 
between the observational sessions of the campaign. Please note that mounting GPS 
antennas on tripods (instead of using forced centring on pillars or metal poles) may not 
deliver the accuracy as presented here. Also it should be noted that all the monitoring 
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points were located in a difficult environment where urban canyons limit the satellite 
visibility at low elevation angles. 
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Fig. 1.  Test network for deformation monitoring 
 
   The coordinates of the reference sites were previously determined in the ITRF2005 
(International Terrestrial Reference Frame) reference frame by processing long 
baselines to the neighbouring IGS (International GNSS Service) stations using data 
from six 8-hour long sessions carried out during daytime. The observations at each 
monitoring point were carried out over 3 days (every second day of the campaign, 8-
hour long sessions). Thus three independent position solutions of each monitoring site 
were obtained. The whole campaign lasted 6 days. The Bernese 5.0 GPS software was 
used for the processing of the collected data. The computations were carried out using 
L1 carrier-phase observations. In order to obtain the highest possible precision, the 
IGS final satellite orbits, earth rotation parameters and absolute antenna phase centre 
variations and offsets were used. In addition, a regional ionosphere model from the 
Centre of Orbit Determination in Europe (CODE) was used in order to remove residual 
ionospheric delays [21]. The SIGMA method was applied for the ambiguity resolution 
[10]. Only independent, manually chosen, and simultaneously observed baselines were 
processed (network solution, Figure 1). The elevation cut-off was set to 10 degrees. 
Low elevation angles generally help to estimate the ZTD because of a better 
discrimination between the estimated height, clock correction and tropospheric delay 
[20]. On the other hand the trade-off is a poorer signal-to-noise ratio and increased 
numbers of cycle slips, increased multipath, etc. However, the urban environment did 
not allow to collect data at elevations lower than 10 degrees. It should be noted that for 
two locations the obstructions limited satellite visibility to elevations over 20 degrees 
(CC09) and over 30 degrees (CC07). 
   There is a wide choice of tropospheric delay models and mapping functions, as 
mentioned above. Here, only the processing strategies with different approaches for the 
reduction of the tropospheric delay available in the Bernese software were examined. 
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The main analyses concerned testing different levels of the constraints (tight and loose) 
imposed on the estimated ZTD parameters (Table 1). In addition, this allowed to assess 
the possibility of a relative estimation of the ZTD in local networks. 
    

Table 1. Processing strategies 
 ZTD constraints for 

Strategy 
A priori troposphere 

modelling (model  
+ mapping function) 

Site specific 
parameters 

(mapping function 
for estimated part) 

Reference sites 
PP 

Monitoring 
sites CC 

1 No tropospheric corrections 

2 Dry Saastamoinen  
+ Dry Niell - fixed fixed 

3a Saastamoinen 
+ Dry Niell Wet Niell fixed 0.1 mm 

3b Saastamoinen 
+ Dry Niell Wet Niell fixed 1 mm 

3c Saastamoinen  
+ Dry Niell Wet Niell fixed 10 mm 

3d Saastamoinen  
+ Dry Niell Wet Niell fixed 100 mm 

4 
Modified Hopfield 
model with surface 
meteorological data 

Wet & Dry Niell fixed fixed 

 
   Strategy 1: No tropospheric corrections were applied, hence neglecting completely 
the influence of the troposphere on GPS measurements. This strategy is evaluated for 
comparison only. 
   Strategy 2: Only the hydrostatic delays were calculated (from the Saastamoinen 
model) and used to correct the GPS observables, neglecting the influence of the non-
hydrostatic (wet) part. This strategy is also evaluated for comparison only. 
   Strategy 3: Relative ZTD modelling was applied. The ZTDs for two reference points 
(PP02 and PP05) were obtained from the Saastamoinen model and fixed in the 
adjustment. The a priori ZTD values for the monitoring points were also obtained from 
the Saastamoinen model. However, these values were constrained in the adjustment 
using a different level of constraints in order to analyse their influence on the results. 
Hence, four versions of the strategy 3 were derived: 

3a) with constraints of 0.1 mm imposed on the a priori ZTDs for the monitoring 
sites (effectively fixing the ZTDs to their a priori values), 
3b) with constraints of 1.0  mm, 
3c) with constraints of 10.0  mm, 
3d) with constraints of 100.0  mm. 

The interval between the estimated subsequent ZTD parameters was one hour. The 
Wet Niell mapping function was used for the computation of the partial derivatives of 
the troposphere zenith delay parameters [18]. This strategy was expected to provide the 
best results. 
   Strategy 4: The ZTDs were obtained from an external source and used to correct the 
GPS observables in the processing. Here, the ZTDs were computed using the Modified 
Hopfield model [11], [31] entering real meteorological data from a nearby 
meteorological station. All computations were carried out without estimating a 
troposphere gradient. The summary of the processing strategies is presented in Table 1. 
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RESULTS 

 

   The sample ZTDs obtained from the different processing strategies on the first day of 
the experiment (9 June 2008) are presented in the Figures 2 and 3. Figure 2 shows an 
example of the atmospheric parameters observed at a nearby meteorological station on 
that day. The temperature ranged from 296.0 K to 299.2 K. The pressure and the 
relative humidity were also rather stable on that day. 
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Fig. 2. Troposphere parameters observed during the experiment at a nearby meteorological station, 9 June 2008 
(Local Time = GPS Time + 2 hours) 
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Fig. 3. ZTD, strategy 2, 9 June 2008 
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Fig. 4. ZTD, strategy 3a, 9 June 2008 
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Fig. 5. ZTD, strategy 3d, 9 June 2008 
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Fig. 6. ZTD computed from meteorological data using 

Modified Hopfield model, strategy 4, 9 June 2008 
 
   Figures 3-6 show the ZTDs obtained for the processed points. The ZTDs for the 
reference sites are marked with black lines with crosses, and ZTDs for the monitoring 
points are marked with light grey lines with dots. There is no need to distinguish 
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between particular monitoring points here. It can be clearly seen that the ZTD for the 
reference sites is usually ~ 2 cm lower than the one for the monitoring sites. This effect 
concerns all strategies and is due to the height difference of ~ 60 m between these 
sites.    
   Figures 3-5 illustrate that there is a systematic shift of about 10 cm between the 
tropospheric delays obtained from the Strategies 2 and 3. This is due to the omission of 
the wet delay in the Strategy 2. Figure 5 shows that the tropospheric delays estimated 
when using Strategy 3d with loose constraints vary (± 1 cm) not only between the 
subsequent epochs, but also between the neighbouring sites. However, the tropospheric 
conditions over the entire network were very similar and such variations are rather 
unrealistic. This indicates that the quality of the ZTD obtained with 3d is rather poor. 
In the Strategy 3a with fixed constraints all monitoring points received very similar 
ZTDs. The ZTDs obtained from the meteorological data (Figure 6) confirms that these 
parameters should be very similar at the neighbouring stations (as in the Strategy 3a). 
However, they show some variations during the session. Of course, this feature is not 
reflected in the results of the Strategy 3a. The ZTD values obtained with the Modified 
Hopfield model with meteorological data (4) are usually about 2.5 cm higher that the 
ones obtained from the Saastamoinen model (3a) with standard atmosphere 
parameters. 

 

Table 2. Differences between the minimum and maximum values of ZTD at monitoring 
points obtained from different strategies 

2 3a 3b 3c 3d 4 
Strategy 

[mm] [mm] [mm] [mm] [mm] [mm] 

9 June 2008 2.02 2.42 9.97 10.81 10.82 1.95 
10 June 2008 2.04 2.65 18.38 41.11 41.68 2.05 
11 June 2008 2.06 2.31 17.00 19.86 19.90 2.00 
12 June 2008 2.24 2.81 18.09 37.85 38.20 2.01 
13 June 2008 2.48 2.90 12.23 14.67 14.17 2.04 

Session 

14 June 2008 1.90 2.77 15.14 21.44 21.49 2.07 
 
   Table 2 gives the differences between the minimum and maximum ZTDs obtained 
for the monitoring points for selected processing strategies for all days of the 
campaign. It should be noted that the monitoring points are located within a small area 
with small height differences (from 0.8 m to 7.1 m above sea level).  It is expected that 
in such cases the ZTD parameters should be very similar. The results obtained when 
using the strategy 3d with loose constraints on the ZTD parameters and the Strategy 3c 
show the greatest variations (about 4.2 cm). Introducing relatively tight constraints 
(1mm) on the ZTD parameter in the strategy 3b still resulted in a great diversity of the 
estimated ZTD, up to 1.8 cm. The ZTD parameters computed with the Strategies 2 and 
3a (with fixed constraints) and the Strategy 4 are similar with low variability (> 0.3 
cm), as may be expected in such small networks. 
   Another analysis presented here concerns the influence of the different strategies on 
the carrier phase ambiguity resolution and the coordinates’ repeatability (Tables 3, 4 
and 5). The figures presented in Table 3 indicate that all the tested strategies resulted in 
equally high success rates for a correct ambiguity resolution. This means that the 
troposphere modelling has an insignificant impact on the ambiguity resolution when 
processing small networks. 
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Table 3. Average percentage of the correctly resolved ambiguities for different 
processing strategies 

Strategy 1 2 3a 3b 3c 3d 4 

 [%] [%] [%] [%] [%] [%] [%] 

Average % of the 
resolved ambiguities 96.7 98.4 98.3 98.1 98.2 98.2 98.4 

     
 

Table 4. Average coordinate repeatability at monitoring points with respect to the 
applied processing strategy 

1 2 3a 3b 3c 3d 4 
Strategy 

[mm] [mm] [mm] [mm] [mm] [mm] [mm] 

N  1.0 1.0 1.0 1.0 1.0 1.0 1.0 
E  0.9 0.9 0.9 0.8 0.8 0.8 0.9 Coordinate 

component H  1.5 1.0 1.0 2.8 4.4 4.5 1.0 
 

   Table 4 presents average repeatability of the obtained coordinate components of the 
monitoring points for all presented strategies. A standard deviation (dispersion) of the 
coordinate components obtained from the results of the independent processing of 
three observation sessions served here as a measure of the repeatability. This standard 
deviation is the variation of the differences about the mean difference. The average 
repeatability of the height component (H) for the strategies with loose constraints on 
the estimated ZTD (3c and 3d) is definitely worse than for the Strategies 1, 2, 3a, 3b 
and 4 with tight or fixed constraints (no estimation). Table 4 also indicates that the 
strategy selection almost did not affect the repeatability of the horizontal components. 
 

Table 5. Differences between the obtained ellipsoidal heights with respect to the 
Strategy 3a 

h3a-h1  h3a-h2  h3a-h3b  h3a-h3c  h3a-h3d    h3a-h4    
Site 

[mm] [mm] [mm] [mm] [mm] [mm] 

PP02 1.6 0.5 -0.1 -0.1 -0.1 0.1 
PP05 -1.5 -0.5 0.1 0.2 0.2 -0.1 
CC02 -52.4 -13.2 -4.2 -5.8 -5.8 -5.2 
CC03 -49.5 -12.8 -2.3 -2.5 -2.5 -5.1 
CC04 -47.5 -12.4 0.6 0.1 0.2 -5.0 
CC05 -51.3 -13.1 -4.8 -6.3 -6.3 -4.8 
CC06 -51.9 -13.6 1.3 4.8 4.9 -5.6 
CC07 -46.7 -12.2 -5.7 -15.7 -16.0 -4.5 
CC08 -53.3 -13.8 -8.2 -10.7 -10.7 -5.1 
CC09 -52.2 -13.3 4.0 5.0 4.7 -5.9 
CC10 -54.7 -14.0 -2.4 -3.7 -3.7 -5.9 
CC11 -52.5 -13.6 -2.0 -3.5 -3.7 -5.7 
CC12 -53.8 -13.8 -4.6 -6.7 -6.6 -5.5 
CC13 -52.3 -13.6 2.8 3.4 3.5 -5.8 

 
   The following analyses compare the ellipsoidal heights obtained with different 
troposphere modelling strategies. These clearly show the impact of the applied 
strategy. Table 5 presents the differences between the ellipsoidal heights obtained 
using each of the tested strategies with respect to the results of the Strategy 3a (see 
Table 1) used as a reference. The results from Table 5 show that Strategy 4 presents 
constant bias of ~5 mm and 3b shows rather random distribution of the residuals 
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(ranging from -8.2 to +4.0 mm). The results show a systematic shift between the 
heights of the monitoring points ranging from about 5 mm (Strategy 4) to 50 mm 
(Strategy 1). This shift is caused by the height differences between the reference and 
the monitoring points, which clearly affects the results obtained with the tested 
strategies.  
   The neglect of the tropospheric delays produces a very large bias of about 50 mm 
(Strategy 1) in relation to the reference Strategy 3a. Neglecting the non-hydrostatic 
delays (Strategy 2) results in smaller bias of about 13 mm. The results obtained with 
the strategies that allow, to some extent, to estimate the ZTD (3b-3d) show random 
differences. The looser the constraints the more random the differences are. Basically, 
this means that due to the strong correlations between the ZTDs in small local 
networks, these parameters cannot be reliably estimated. The solution with the fixed 
ZTD obtained from the meteorological data (4) produces heights that are shifted by 
about 5 mm. This solution is the closest to the Strategy 3a. Also, the above and the 
results from Tables 4 and 6 gave us reasons to believe that Strategy 4 is better than 3b 
and may be considered as good as 3a. 
   The strategies can be also verified by comparing the height differences between the 
processed sites derived from GPS with the use of the quasigeoid model (∆Hn SAT) to 
the height differences obtained from precise, geometric levelling (∆Hn)  (called precise 
levelling below). The normal heights (commonly known as ortometric heights, for 
definition see [17], [27], p.372) derived from the GPS levelling were computed from a 
well known formula [27], [12]: 

 n SATH h ξ= −                   (2) 

where: 
 n SATH − normal height obtained from GPS levelling, 

h − ellipsoidal height from GPS, 

−ξ height anomaly (quasigeoid - ellipsoid separation). 

   The height anomalies were interpolated from the regional model of the quasigeoid 
for Poland [19]. Since the height differences ∆Hn are the observed quantities in precise 
geometric levelling, they should be compared to the corresponding quantities obtained 
from GPS levelling (∆Hn SAT). This comparison can be considered as an indicator of 
the relative bias of the satellite levelling (because the accuracy of the precise levelling 
is expected to be much better). This comparison is not contaminated by the absolute 
bias of the quasigeoid model. Table 6 lists the averages of the absolute differences 
between the adjusted height differences from precise geometric levelling and the 
satellite levelling. The best consistency was observed for the Strategies 3a and 4 (both 
with fixed tropospheric delays). Again, the worst results come from the strategies with 
constraints on the estimated ZTD (3c and 3d) and from the Strategy 1 with no 
tropospheric correction. 
 
Table 6. Average differences between normal height differences obtained from precise 

and satellite levelling and their standard deviations 
1 2 3a 3b 3c 3d 4 

Strategy 
[mm] [mm] [mm] [mm] [mm] [mm] [mm] 

AVERAGE 12.2 7.6 6.6 8.2 10.5 10.5 6.7 
STD 16.1 7.3 7.6 9.3 12.8 12.9 7.3 

 
   



P WIELGOSZ, J PAZIEWSKI AND R BARYLA 

 481

 Table 7 shows a detailed comparison of the height differences for the Strategy 3a. 
This strategy expresses the smallest differences between the height differences 
obtained from classical precise levelling and satellite levelling. The differences are 
usually smaller than 10 mm. Please note that the worst results (larger than 10 mm) 
were obtained for baselines that include the monitoring points CC07 and CC09 that are 
located in difficult GPS environment.  
 

Table 7. Normal height differences obtained from precise and satellite levelling 
(Strategy 3a) 

nH∆  SATnH∆  SATnn HH ∆−∆   
Height difference  

[m] [m] [mm] 

PP05-CC09 -55.5799 -55.5779 -2.0 
CC09-CC10 -1.5678 -1.5802 12.4 
CC10-CC11 -0.3846 -0.3847 0.1 
CC11-CC12 -0.2293 -0.2290 -0.3 
CC12-CC13 0.0227 0.0245 -1.8 
CC13-CC08 1.5562 1.5637 -7.5 
CC08-CC02 1.8482 1.8376 10.6 
CC03-CC02 -0.8638 -0.8641 0.3 
CC03-CC04 1.9786 1.9850 -6.4 
CC04-CC05 -4.6044 -4.6070 2.6 
CC05-CC06 0.7595 0.7531 6.4 
CC07-CC06 -0.7181 -0.7462 28.1 
CC08-CC07 1.5638 1.5790 -15.2 
PP05-PP02 6.029 6.0276 1.4 
PP02-CC04 -57.5211 -57.5245 3.4 
 

CONCLUSIONS 
 

   It was shown that the troposphere modelling in small precise networks mainly 
influences the obtained height component. It shows negligible effect on the horizontal 
components of the site coordinates. The best results are obtained by fixing ZTD in the 
adjustment (Strategies 3a and 4) derived from tropospheric models (Saastamoinen, 
Modified Hopfield or any other). Therefore, it is not recommended to estimate the 
tropospheric delays (even the relative corrections) in networks with short baselines and 
relatively small height differences, but rather to apply and fix ZTD obtained from 
troposphere models. This was proved by the comparison to the precise geometric 
levelling. 
    Setting relatively loose constraints on ZTD (strategies 3c and 3d) results in large 
ZTD discrepancies between close points at similar heights (which is rather unrealistic) 
and, consequently, provides worse height estimations. Even setting tight constraints of 
1 mm ( Strategy 3b) gives lower accuracy results compared to fixed solutions (Strategy 
3a and 4). 
   The selected strategy does not have any noticeable impact on the ambiguity 
resolution. We recommend the Strategies 3a and 4, since they take into account the full 
tropospheric delay and show good results in comparison to precise levelling. These 
strategies are the most suitable for precise surveying applications, such as deformation 
monitoring in small precise satellite networks processed with the Bernese software.  
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