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Monitoring the atmosphere is essential for understanding short-term variability and long-term climate
trends. Global Navigation Satellite Systems provide continuous information about the troposphere by
estimating the zenith tropospheric delay. This study investigates a multi-year series of zenith
tropospheric delays at six stations of the ASG-EUPOS network in Central Europe. The objective is to
assess seasonal and interannual variability and evaluate these series' potential for regional climate
monitoring. The observations were processed using the GipsyX software package with the Precise Point
Positioning technique. The processing relied on precise satellite orbits and clocks, Earth orientation
parameters, and the Vienna Mapping Function 1 for tropospheric modelling. The outputs included time-
tagged estimates of total, hydrostatic, and wet delays, horizontal gradients and station coordinates.
Quality control and homogenization procedures were applied to ensure stability and consistency. The
results demonstrate a clear annual cycle at all stations, with maxima during summer and minima in
winter. The wet delay exhibits substantial variability reflecting atmospheric moisture, while the
hydrostatic component remains relatively stable. Differences between stations are linked to local
climatic conditions, but the overall patterns are coherent across the network. In conclusion, long-term
zenith tropospheric delay series derived from Precise Point Positioning are homogeneous and reliable
geophysical records. They provide valuable information for regional climate studies and establish a
robust basis for future derivation of integrated water vapour and for linking GNSS meteorology with
hydrological and climatological applications.
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Introduction

The study of the Earth’s atmosphere requires reliable and consistent observations over extended periods.
Without such records, it is difficult to distinguish between short-lived fluctuations and long-term
climate signals. Global Navigation Satellite Systems (GNSS) have become one of the most valuable
tools for this purpose, as they provide continuous information about the troposphere in all weather
conditions. A key parameter derived from GNSS data is the zenith tropospheric delay (ZTD), which
reflects the combined effects of atmospheric pressure, temperature, and humidity (Vaquero-Martinez
& Antén, 2021; Maciejewska, 2025). Because of this sensitivity, ZTD can serve as an indirect but robust
measure of how the lower atmosphere evolves over time.

The advantage of using GNSS lies in the density of permanent stations and the long period of their
measurements. In particular, the Precise Point Positioning (PPP) technique has proven effective in
extracting ZTD from observations at individual sites. Unlike differential methods, PPP does not require
a tightly connected regional network and can be applied uniformly across different regions. This makes
it possible to generate a homogeneous time series that is suitable for climate research and geodynamic
research (Tretyak, Brusak, & Babchenko, 2024; Brusak, Maciuk, & Haidus, 2025, Nesterenko,
Mishchenko, Shariy, & Shchepak, 2023). Recent reprocessing initiatives, such as those of the
International GNSS Service (IGS) and the European Permanent Network (EPN), demonstrate the
importance of long-term ZTD records for climate applications, as well as their growing acceptance in
the meteorological community.

Although many studies use ZTD primarily as a basis for calculating integrated water vapour (IWV),
there is still considerable value in analysing ZTD on its own. As a direct GNSS-derived product, ZTD
avoids uncertainties that arise when additional temperature data are needed for the IWV conversion.
This makes ZTD particularly useful for identifying seasonal cycles and long-term tendencies with fewer
assumptions. At the same time, it provides an essential first step for further transformation into IWV,
which connects even more directly to atmospheric moisture and hydrological processes.

In this work, we analyse a twelve-year record of ZTD obtained through PPP processing. The length of
this dataset allows us to move beyond purely seasonal descriptions and to assess possible long-term
signals in the troposphere. By focusing first on ZTD, we establish a solid basis for evaluating the
stability and consistency of GNSS-derived products. In future research, these results will be extended
by converting ZTD into IWV, enabling a closer look at atmospheric water vapour and its role in regional
climate variability.

Method and Theory

For this study, six GNSS stations from the ASG-EUPOS network were selected (see Fig. 1). Their long-
term observations provided the basis for generating consistent time series of zenith tropospheric delays
(ZTD). The data were processed using the GipsyX software package developed at JPL. GipsyX applies
Precise Point Positioning (PPP) algorithms, which independently estimate station coordinates and
tropospheric parameters for each site without relying on a regional reference network.

The processing strategy included using precise satellite orbits and clock corrections provided by JPL,
Earth orientation parameters (EOPs), and the Vienna Mapping Function (VMF1) for tropospheric
modelling. This configuration ensured that the ZTD estimates were consistent and comparable over the
twelve-year interval. The GipsyX output is delivered in ASCII-format .tdp files, which contain time-
tagged values of Zenith Wet Delay (ZWD), Zenith Hydrostatic Delay (ZHD), horizontal tropospheric
gradients (Gx, Gy), and the Cartesian ECEF coordinates of each GNSS station.

In the theoretical framework of GNSS meteorology, ZTD is the sum of two major components: the
hydrostatic delay (ZHD), which depends primarily on surface pressure and is relatively stable in time,
and the wet delay (ZWD), which is driven by the highly variable distribution of atmospheric water
vapour (Doskich, Savchuk, & Savchyn, 2022).
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Figure 1 Map of GNSS stations from the ASG-EUPOS network

ZTD = ZHD + ZWD (1)

The stability of ZHD reflects large-scale and slowly varying atmospheric processes. At the same time,
the fluctuations of ZWD capture short-term and seasonal changes in humidity. This decomposition
underlines the physical significance of ZTD as a climate-related parameter: it is sensitive to both
pressure and moisture. It therefore provides an integrated measure of atmospheric conditions above a
GNSS station.

For this study, the daily estimates were inspected for data gaps, outliers, and possible discontinuities.
Homogenisation procedures were applied to detect artificial shifts that could result from hardware
changes, firmware updates, or modifications in the local environment of the station. The methodological
framework follows the principles of GNSS meteorology, where tropospheric delays are not only
regarded as corrections in positioning but also as geophysical parameters in their own right.
Consequently, PPP-derived ZTD series serve as a bridge between geodetic data processing and
atmospheric sciences. Although the present work focuses on ZTD itself, the same dataset will in future
be transformed into integrated water vapour (IWV). Such a transformation will enhance the
interpretability of the results by directly linking GNSS-derived information with atmospheric moisture
content, thus enabling broader applications in climate monitoring and hydrological studies.

Results

The twelve-year time series of zenith tropospheric delays (ZTD), derived from PPP processing at six
ASG-EUPOS stations, reveal pronounced seasonal variability and long-term stability. Figure 2 presents
the time series of ZTD together with the corresponding wet component (ZWD). The general picture
that emerges from all stations is a clear and repeatable annual cycle, with higher values in summer and
lower values in winter, superimposed on relatively steady long-term levels.

At CFRM, covering 2011-2022, ZTD values vary between approximately 2.2 m and 2.5 m. The series
is dominated by a stable seasonal cycle, with peak values during summer and minima in winter. The
ZWD component ranges from near 0.05 m in the cold season to above 0.25 m in summer. This amplitude
reflects the strong influence of water vapour in shaping the seasonal signal. No significant
discontinuities are evident, indicating that the homogenisation procedures were effective.

The series for GANP shows slightly lower average ZTD values, generally between 2.2 m and 2.3 m.
The seasonal cycle is well expressed, although the amplitude of ZWD is smaller than at CFRM or
NWSC, rarely exceeding 0.25 m. This suggests that local climatic conditions, such as lower atmospheric
moisture, may reduce the contribution of the wet delay at this site. Nevertheless, the annual cycle
remains clearly detectable throughout 2011-2022.
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Figure 2 The time series of ZTD and ZWD

WD [

At KROS, the ZTD values are somewhat higher, ranging from 2.3 m in winter to nearly 2.5 m in
summer. The ZWD series displays sharp summer peaks, frequently approaching 0.3 m, while the values
decrease below 0.1 m in winter. Compared with GANP, the higher amplitude of ZWD suggests that
KROS is located in a more humid region or is subject to stronger seasonal contrasts in moisture
availability.

The record at MLCN is characterised by similar dynamics, with ZTD values oscillating around 2.3-2.5
m and a regular annual cycle. The ZWD component is particularly well pronounced, with maxima above
0.3 m in humid seasons. The persistence of the signal over more than a decade confirms the reliability
of PPP-derived tropospheric estimates in capturing regional atmospheric variability.

The station NWSC also presents a long-term record with a consistent seasonal structure. The ZTD
values vary from 2.2 m in winter to 2.5 m in summer. The ZWD fluctuations are large, reaching 0.3—
0.35 m in warm months. The overall stability of the series demonstrates that GNSS-based estimates are
sensitive not only to atmospheric pressure but also to interannual variability of humidity.

Finally, NWT1 covers 2014-2023 and demonstrates the same overall behaviour, although with a shorter
observational record. The ZTD values vary between 2.1 m and 2.4 m. The ZWD curve is highly
variable, with amplitudes exceeding 0.25 m in summer. Despite the shorter time span, the seasonal cycle
is unambiguous and consistent from year to year, supporting the robustness of the PPP solution.

The results from all six stations confirm that PPP-derived ZTD series are homogeneous and reliable.
The dominant signal across the network is the annual cycle, which is clearly expressed in both ZTD and
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ZWD. Differences between stations are mainly related to local climatic factors such as altitude, regional
humidity, and geographic setting. Importantly, no major artificial shifts or discontinuities were
identified, which underlines the quality of the processing strategy.

Conclusions

The study of six ASG-EUPOS stations has shown that Precise Point Positioning provides a stable and
comparable series of zenith tropospheric delays. The results demonstrate a distinct annual cycle, with
higher values during summer and lower ones in winter. The wet component of the delay reflects the
seasonal changes in humidity, whereas the hydrostatic component remains nearly constant throughout
the observation period. Across all stations, the time series are consistent and free from significant
artificial shifts, which indicates that the adopted processing strategy and quality control were effective.
Local climatic conditions and the geographic setting of each site can explain slight differences in the
absolute level of delays between stations. These findings confirm that zenith tropospheric delays
obtained from PPP solutions are helpful for geodetic applications and represent a valuable dataset for
regional climate research. As the next step, the same records will be used to derive integrated water
vapour, enabling a closer connection between GNSS-based products, atmospheric moisture, and
hydrological processes.
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