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Abstract: Global Navigation Satellite System (GNSS) signals experience delays when passing through
the atmosphere due to the presence of free electrons in the ionosphere and air density in the non-
ionized part of the atmosphere, known as the troposphere. The Precise Point Positioning (PPP)
technique demonstrates highly accurate positioning along with Zenith Tropospheric Delay (ZTD)
estimation. ZTD estimation is valuable for various applications including climate modelling and de-
termining atmospheric water vapor. Current GNSS network resolutions are not completely sufficient
for the scale of a few kilometres that regional climate and weather models are increasingly adopting.
The Centipede-RTK network is a low-cost option for increasing the spatial resolution of tropospheric
monitoring. This study is motivated by the question of whether low-cost GNSS networks can provide
a viable alternative without compromising data quality or precision. This study compares the perfor-
mance of the low-cost Centipede-RTK network in calculating the Zenith Tropospheric Delay (ZTD)
to that of the existing EUREF Permanent Network (EPN), using two alternative software packages,
RTKLIB demob version and CSRS-PPP version 3, to ensure robustness and software independence in
the findings. This investigation indicated that the ZTD estimations from both networks are almost
identical when processed by the CSRS-PPP software, with the highest mean difference being less
than 3.5 cm, confirming that networks such as Centipede-RTK could be a reliable option for dense
precise atmospheric monitoring. Furthermore, this study revealed that the Centipede-RTK network,
when processed using CSRS-PPP, provides ZTD estimations that are very similar and consistent
with the EUREF ZTD product values. These findings suggest that low-cost GNSS networks like
Centipede-RTK are viable for enhancing network density, thus improving the spatial resolution
of tropospheric monitoring and potentially enriching climate modelling and weather prediction
capabilities, paving the way for broader application and research in GNSS meteorology.

Keywords: low-cost GNSS; zenith tropospheric delays; precise point positioning; open-source; GNSS
meteorology

1. Introduction

Global Navigation Satellite Systems (GNSSs) have made significant advances in geode-
tic research, providing precise measurements of the Earth’s surface. GNSS technologies
play an important role in atmospheric science through GNSS meteorology, which analyzes
GNSS signals to derive atmospheric data using the extensive global network of GNSS sta-
tions that were originally established for geodetic research purposes. This greatly improves
our understanding of the troposphere’s spatial and temporal variations [1]. Current GNSS
networks, such as the International GNSS Service (IGS) [2] and the EUREF Permanent
Network (EPN) [3], support various scientific efforts, such as the maintenance of reference
systems [4] and the monitoring of atmospheric delays [1]. However, achieving a higher
density of stations, which is required to estimate more detailed atmospheric dynamics, is
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constrained by significant financial barriers. Deploying and maintaining GNSS stations
involves significantly high costs, ranging from $10,000 to $25,000 for each piece of geodetic
GNSS equipment (receiver and antenna) on a regular and uniform network, substantially
limiting network expansion [5]. In response to these challenges, the development of low-
cost GNSS network systems is a promising step forward. The Centipede-RTK network
(https://centipede.fr, accessed on 15 June 2024) exemplifies this innovation by demonstrat-
ing how low-cost GNSS solutions can enable a dense network of stations for more detailed
and dense observations. This cooperative approach not only aims to significantly enhance
the density and coverage of the global GNSS network to improve the bias estimation
towards the goal of reaching precise positioning, but it also emphasizes innovation’s critical
role in propelling the fields of GNSS meteorology and atmospheric science.

The potential of low-cost devices has gained prominence in GNSS research due to their
proven feasibility, accuracy, and practical applications. Low-cost GNSS receivers have been
shown to perform as well as high-end geodetic-grade receivers, providing precise results
for both kinematic and static positioning [6]. Furthermore, research into the significant
advantages of low-cost dual-frequency receivers has demonstrated their effectiveness in
improving the precision of GNSS applications. This is particularly true for applications that
use Precise Point Positioning (PPP) to estimate tropospheric delays. Such improvements in
accuracy are critical for precise measurements of atmospheric water vapor, and represent a
significant advancement in the field of GNSS meteorology [7]. Further research into this
field, including detailed case studies, has shed light on these low-cost receivers’ ability to
monitor atmospheric water vapor variations and accurately estimate the Zenith Total Delay
(ZTD), despite the limitations imposed by antenna performance. These investigations
point to the promising potential of low-cost receivers in roles requiring high precision,
such as numerical weather prediction, despite their inherent challenges [8]. In addition,
GNSS technology has been recognized as one of the few methods capable of functioning
as a reliable atmospheric water vapor sensor. This capability is attributed to a vast global
network of stations outfitted with high-quality GNSS receivers and antennas that provide
continuous, precise, and dependable atmospheric data [6,9]. Recent studies comparing
the performance of low-cost and geodetic-grade GNSS receivers have shown that low-cost
devices can provide high precision in both kinematic and static positioning, emphasizing
the importance of these less expensive options in atmospheric science and meteorology [10].
Moreover, previous studies have investigated the Centipede-RTK network’s application in
a variety of research activities, including water vapor monitoring over specific areas [11],
precision agriculture [12], hydrographic purposes [13], and as a preliminary Continuous
Operating Reference Station (CORS) network [14] to determine the precision of positioning
solutions in common areas. This network was additionally examined for its performance
in mountainous locations, where accurate estimates of atmospheric delays are critical even
with geodetic-grade receivers [15].

Building on previously discussed challenges and potential solutions, this study directly
addresses the critical issue of insufficient GNSS network density, which is exacerbated
by the prohibitively expensive deployment of high-cost geodetic receivers. Despite the
fact that there are many permanent GNSS stations around the world, including over
2000 in Europe, the spatial resolution for tropospheric observation is still limited to 20
to 100 km. This resolution is inadequate for the scale of a few kilometers that regional
climate and weather models are increasingly adopting. Recognizing the critical need for
denser networks to improve atmospheric monitoring capabilities, our research is motivated
by the question of whether low-cost GNSS networks can provide a viable alternative
without sacrificing data quality or precision. This research conducts a comparative analysis
of ZTD estimates derived from two different GNSS networks: the innovative, low-cost,
open-sourced Centipede-RTK network and the traditional, high-cost EUREF network.
The nearest station from each of the two networks has been selected using a five-week
dataset so that each network has five stations total for a thorough comparison. This
approach facilitates a focused evaluation of the spatial and temporal variability of the
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ZTDs captured by both networks, providing critical insights into the Centipede-RTK
network’s relative effectiveness for atmospheric studies. In order to evaluate the influence
of processing software on the outcomes of our investigation, we utilized two distinct
open-source solutions: the RTKLIB software package and the web-based service CSRS-PPP
(Canadian Spatial Reference System precise point positioning service). This dual-software
strategy highlights the robustness of this study by ensuring that our findings are resilient
and independent of software variances.

This work aims to contribute to atmospheric science by investigating how low-cost
GNSS networks, such as Centipede-RTK, can improve the spatial resolution of tropospheric
monitoring. The densification of GNSS networks has made it possible to understand
better the dispersion of water vapor, which could result in more precise predictions of
rainfall and extreme weather occurrences. This could provide important new information
for researchers studying climate change. This study highlights the value of low-cost
GNSS options in addressing the present gaps in atmospheric monitoring and modelling
capabilities, in addition to attempting to test their feasibility against high-cost alternatives
like the EUREF network.

Tropospheric Delay

GNSS signals experience delays when passing through the atmosphere due to the
presence of free electrons in the ionosphere and air density in the non-ionized part of the
atmosphere, known as the troposphere. The troposphere’s influence on GNSS signals is
quantified through the concept of refractivity. The refractive index, n, or the total refractivity,
N, of the troposphere can be quantified as:

N =10°(n—1) 1)

This total refractivity, N, can be divided into two primary components: the hydrostatic
or dry component (Ng,,) and the wet component (Nyet), attributed to dry gases and water
vapor, respectively [16]. These components are functions of meteorological variables such
as air pressure (p), temperature (T), and water vapor partial pressure (¢) [17]:

kze k3€

ki(p—e
N:Ndfy—i_Nw‘ft:il(pT )+T+ﬁ )

where coefficients k1, kp, and k3 are empirically derived values, listed below [18]:
o k;=77689KhPal.
e ky=71295KhPa'.
e k3 =2375463K*hPal.
The delay caused by the troposphere to the signal T, s can be calculated as an integral
of the total refractivity N along the propagation path w from the receiver r to the satellite s:

S
T, = 10~° /r Ndw @3)

Furthermore, the tropospheric delay is composed of hydrostatic and wet components,
hence the equation for T} s can be separated into

S S
T,s =10~° / Nijryds +107° / N— 4)
r T

The total tropospheric delay in the slant path delay can be mapped to the zenith
direction, resulting in the Zenith Tropospheric Delay (ZTD), which is the sum of the Zenith
Hydrostatic Delay (ZHD) and the Zenith Wet Delay (ZWD), as outlined in the following
equation:

ZTD =ZHD +ZWD )
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Tys = ZHD - my,(El) + ZWD - my(El) 4 6 6)

where my, (El) and my,(EI) represent the hydrostatic and wet mapping functions dependent
on the elevation angle, and 4 represents higher-order terms such as the horizontal gradients.
ZTD is determined by integrating N in the zenith direction [18]:

ZTD =10"° Ndw 7)

zenith direction
This demonstrates the relationship between the Zenith Tropospheric Delay and the tro-
posphere’s refractivity, which varies along the signal’s path with meteorological conditions.

2. Materials and Methods

The PPP technique has been implemented using two separate software packages
with different configurations. One is the open-source RTKLIB post-processing software
package (available at https:/ /www.rtklib.com/, accessed on 15 June 2024), providing an
interactive and configurable analysis experience, while the other is the Canadian Spatial
Reference System (CSRS-PPP), a powerful online service (https://webapp.csrs-scrs.nrcan-
rncan.gc.ca/geod/tools-outils/ppp.php, accessed on 15 June 2024) that closely matches
the International GNSS Service’s ZTD values (within a 1 cm difference) [19]. Table 1
summarizes the main characteristics of the software and online services used in this study.

Table 1. Comparison of capabilities of the software packages used in this study.

. Positioning . Type of Reference Cut-Off Mapping
Software Version Approach Constellation Frequency Observations  Frame Angle Function
RTKLIB demo5 PPP Static GFS, G LO, L1,L2 Code and ITRF2008 10 NMF
Galileo phase
CSRS-PPP 3 PPP Static  GPS, GLO L1, 12 C‘;i:‘;d ITRF2020 7.5 GMF

Note: PPP stands for Precise Point Positioning, and the constellations are GPS (Global Positioning System), GLO
(GLONASS), and Galileo.

RTKLIB is an open-source software package for standard and precise GNSS positioning
initially developed by Takasu and Yasuda [20]. All the settings are set through the software
via its graphical user interface. Several studies have shown that ZTD estimates derived
from ionosphere-free (IF) PPP have a comparable standard deviation with those obtained
from relative positioning based on double-differenced observations with resolved ambigui-
ties [7,21,22]. The PPP algorithm can determine the troposphere’s parameters. PPP utilizes
both pseudorange and carrier phase GNSS observation data from a single dual-frequency
receiver. PPP uses the ionospheric-free linear combination to eliminate ionosphere biases. The
ionosphere-free linear combination can be described as follows [23]:

2
P
pF_flfl ;2 = p+dp+ c(df — dT) + disop + Mp,, + wp, ®)
1 2
N — foN
Lir = ftLi — f3La _p+dp+c(dt—dT)-O-dtmp-i-cw—FML”:+(ULH: €)

f1 fz flz_f22

where Mp,. and M, are the multipath errors due to linear combination, while wp,. and
wr,, are the noise errors caused by linear combination. To eliminate satellite orbital (dp)
and clock errors (dT), precise orbit and clock corrections are required. As a result, PPP can
be simplified into the following:

p._ fil—fiP

[y = p+cdt +my - ZHD + my - ZWD + wp,, (10)
1~ )2
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2 2
Lip = % =p+cdt+mh~ZHD+mw-ZWD+cM +wr,  (11)
fi—1 fi—1h

where my, and m,, are the hydrostatic and wet mapping functions, respectively, ZHD
represents the Zenith Hydrostatic Delay, and ZW D represents the Zenith Wet Delay. PPP
mainly estimates four types of parameters: the receiver position (X, Y, Z), the receiver clock
(dt), the Zenith Total Delay (ZTD), and the ambiguities on both frequencies (N; and N>).
The mapping function in terms of the elevation angle E! and the azimuth angle Az between
the satellite and the receiver is calculated as

m(El) = my(EL){1 + cot(El)(Gyn cos(Az) + Ggsin(Az)) } (12)
and the tropospheric delay is calculated as
T,s = my,(El)ZHD + my,(El)(ZTD — ZHD) (13)

where ZTD is the tropospheric Zenith Total Delay in meters. This parameter is estimated
from the Extended Kalman Filter [24] together with the north component of the tropospheric
gradient (Gy) and the east component of the tropospheric gradient (Gg,). m,(El) and m,(EI)
are the hydrostatic and wet mapping function, respectively. ZHD is the tropospheric Zenith
Hydrostatic Delay in meters, which is given by the Saastamoinen model (Equation (14))
with the zenith angle z = 0 and relative humidity #,,; = 0.

0.002277 1255
=" {p—l—( = +0.05>e—tan22} (14)

where

. z is the zenith angle (rad) as z = /2 — El.

*  pisthe total pressure (hPa).

e T isthe absolute temperature (K) of the air.

*  his the geodetic height above MSL (mean sea level).
*  ¢is the partial pressure (hPa) of water vapor.

For the mapping function, the RTKLIB demob5 version uses the Niell Mapping Function
(NMEF) ( https:/ /www.rtklib.com/, accessed on 15 June 2024), which depends only on the
site coordinates and day of the year. A summary of the capabilities of the software used for
this study is shown in Table 1.

The CSRS-PPP service was launched in 2003. It allows GNSS users to collect data in
the field and upload these data to Natural Resources Canada (NRCan) servers (more details
can be found https://webapp.csrs-scrs.nrcan-rncan.gc.ca/geod/tools-outils /ppp.php,
accessed on 15 June 2024). In CSRS-PPP, ZTD estimations are performed using a backward
smoothing replacement, with the final covered satellite ambiguity parameters retained
constant throughout all the epochs. This method is used to obtain the best station Zenith
path delay time series based on all the observations throughout the observation session.
The mapping function utilized in CSRS-PPP is the Global Mapping Function (GMF), which,
unlike NMF (used by RTKLIB), is derived from a numerical weather model. As previously
said, a summary of the capabilities of the software used for this study is also shown in
Table 1.

To investigate the reliability of ZTD estimates from low-cost GNSS networks, data
were collected from two distinct networks: the Centipede-RTK network and the EUREF
network (https://epncb.oma.be/, accessed on 15 May 2024), to conduct a comparative
analysis between low-cost and high-cost GNSS networks.

The Centipede Network represents a newer generation of GNSS networks that use
low-cost GNSS receivers and offer open-source services, which is particularly appealing in
this regard. The network consists of around 700 GNSS CORSs built by public institutions,
individuals, and business operators worldwide. The GNSS station density varies due to
volunteer activities, resulting in incomplete coverage. Most of the CORSs operate in France,
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with some operating in other countries (Figure 1). The Institut national de la recherche
agronomique (INRAE) provides financial assistance for the project, which has benefited
from resources provided by research institutes, government agencies, and private firms
since it started in 2019.

Figure 1. CentipedeRTK GNSS network map (https://centipede.fr/index.php/view/map/
?repository=cent&project=centipede, accessed on 15 June 2024).

The EUREF Permanent GNSS Network consists of a CORS network, data centres
providing access to the station data, analysis centres that analyze the GNSS data, product
centres or coordinators that generate the EPN products, and a central bureau that is
responsible for the daily monitoring and management of the EPN. It is composed of
about 420 GNSS CORSs (Figure 2), and all contributions to the EPN are provided on a
voluntary basis, with more than 100 European agencies/universities involved. The EPN
operates under well-defined international standards and guidelines ( https://epncb.oma.
be/_documentation/guidelines/, accessed on 15 May 2024), which are subscribed to by
its contributors. These guidelines guarantee the long-term quality of the EPN products,
including the ZTD estimation.

https:/epncb.o

Figure 2. EUREF GNSS network map (https:/ /www.epncb.oma.be/_networkdata/stationmaps.php,
accessed on 15 May 2024).
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In this study, five stations were carefully chosen from the low-cost Centipede-RTK
network across France, with a parallel selection of the nearest corresponding stations from
the permanent EUREF GNSS Network to facilitate a comprehensive comparative analysis.
A summary of these stations can be found in Table 2. Furthermore, Table 3 presents five
pairs of stations from both networks, which are mentioned in Table 2, emphasizing the
distance and elevation disparities between each pair.

Table 2. Summary of stations chosen from Centipede-RTK and EUREF Network.

Network Station  City Latitude Longitude Al:i:')lde
Centipede-RTK SOPH Valbonne, FRA 43.6114 7.0541 178.85
Centipede-RTK BEFF Villerbanne, FRA 45.7666 4.8796 280.86
Centipede-RTK IUEM Plouzané, FRA 48.3585 -4.5626 123.64
Centipede-RTK BIO Volgelsheim, FRA 48.0228 7.5629 249.05
Centipede-RTK RDHB7  Saint-Romain-sur-Cher, FRA  47.3345 14216 151.76
EUREF GRAS Caussols, FRA 43.7547 6.9206 1319.35
EUREF BRMF Bron, FRA 45.7261 4.9384 256.85
EUREF BRST Brest, FRA 48.3805 —4.4966 67.84
EUREF BRMG Hartheim am Rhein, GER 47.9077 7.6329 261.60
EUREF VFCH Villefranche-sur-Cher, FRA 47.2942 1.7197 153.24

Note: Coordinate reference system is WGS84.

Table 3. Paired stations from Centipede-RTK and EUREF Networks with distance and height difference.

Distance Difference Elevation Difference

Centipede-RTK EUREF (km) (m)
BIO BRMG 13.82 12.55
BEFF BRMEF 6.41 24.01
SOPH GRAS 19.21 1140.50
RDHB7 VFCH 22.92 1.48
IUEM BRST 5.45 55.80

Note: The distance difference is calculated based on coordinates. The elevation difference is the absolute difference
in altitude.

These stations have been selected in order to represent a variety of environmental situ-
ations, ensuring comprehensive coverage of both geographic and atmospheric conditions,
as shown in Figure 3.

In the Alpes-Maritimes, the Centipede-RTK network’s SOPH station and its EUREF
counterpart, GRAS, have been selected as representative CORSs in areas where the tropo-
spheric delays can vary due to the Mediterranean Sea and alpine geography. Furthermore,
the BRMF and BEFF stations are strategically located near Lyon in the urbanized alpine
area of Auvergne—-Rhone-Alpes to investigate urban atmospheric effects. Along Germany’s
eastern border, the BRMG and BIO stations on the Upper Rhine Plain provide a steady
atmospheric backdrop for consistent GNSS signal analysis. In the Centre region, specifically
Villefranche-sur-Cher, the VFCH and RDHB?7 stations are noted for their low urban effect
and proximity to rivers, which are critical for investigating interactions between surface
water bodies and the atmosphere. The BRST and IUEM stations on the western Brittany
coast have been selected because they are located in areas noted for their warm tempera-
tures, high humidity, and heavy precipitation, they round out the geographic broadness,
and they contribute to this study’s analysis of environmental impacts on ZTD data.
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Figure 3. Chosen stations from 2 distinct networks (Study area).

Among the five station pairs chosen, the height difference between SOPH and GRAS
is significantly greater than the other four pairs (Table 3). The height difference between
SOPH and GRAS is 1140.50 m, which is substantial enough to affect the accuracy of
the ZTD estimates. The ZTD is impacted by atmospheric conditions that change with
elevation. To ensure that ZTD values obtained from stations at significantly different
elevations are similar, it is necessary to account for these height discrepancies. Without
such modifications, inconsistencies can bring mistakes into the analysis, reducing the
precision of the results. In order to make the results comparable, height correction using
a ZHD/ZWD height dependency model has been applied. In particular, the hydrostatic
delay decreases approximately linearly with height, as written in Equation (15):

ZHD(h) = ZHD % ¢ — @
where H is the scale height of the hydrostatic component, typically around 8 km. Then, the
wet component (ZWD) is more variable but can also be approximated as in Equation (16):

(15)

ZWD(h) = ZWDg % e — (1= ho) (16)

Hy
where Hy, is the scale height of the wet component, typically around 2 km. Thus, given Ak,
it is possible to calculate the new ZTD (Equation (17)) as the sum of the ZHD (Equation (15))

and ZWD (Equation (16)) at height h.

ZTD(h) = ZHD(h) + ZWD(h) (17)

This correction takes into account the variations in atmospheric pressure and water
vapor content that occur with changes in elevation, which can otherwise introduce signifi-
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cant errors into the analysis. By applying this model, we can normalize the ZTD values
across stations at different elevations, thereby enhancing the precision and reliability of
our results. This process ensures that the derived ZTD values are consistent and accurate,
regardless of the height differences between the stations.

GNSS data from the EUREF Network and the Centipede-RTK Network were streamed
for this investigation using Networked Transport of RTCM of Internet Protocol (NTRIP).
This protocol allows for the broadcast of GNSS data over the internet while supporting a
variety of user platforms. For the EUREF Network, NTRIP client credentials were obtained
via contacting the Italian Space Agency (ASI) broadcaster, which has been operating the
EUREF NTRIP broadcaster since 2009. Credentials for the Centipede-RTK Network were
set up using the access information provided on the Centipede-RTK website. All data
streams were managed using the STRSVR (Stream-to-Server) tool within the RTKLIB
software package. To evaluate the temporal variability of Zenith Tropospheric Delay, GNSS
data from neighboring stations in the EUREF and Centipede Networks were collected
simultaneously over a 24 h period at each study location. To reliably identify ZTD trends,
the data sample frequency is set to 1 Hz, with recordings taking place every 30 s over weeks
8 to 12 of 2024. In this way;, it has been possible to perform a comparison of ZTD estimations
and temporal patterns across both networks, providing a more complete knowledge of the
ZTD’s temporal dynamics.

3. Results

This study explored a scientific question about the quality and reliability of tropo-
spheric estimations obtained by low-cost GNSS networks, assessing their potential as
alternatives to existing, high-cost networks. As a result, RTKLIB and CSRS-PPP were used
to estimate the ZTD from data collected from five Centipede Network sites and corre-
sponding EUREF Network stations in various geographical locations over five weeks, in
order to assess the temporal and spatial viability. We focused our investigation on data
acquired from weeks of the year (WOY) 8 to 12 of 2024. Each week’s dataset includes
data from Monday to Friday. This choice was made due to technical challenges with the
computer’s power supply and internet connection over the weekend, resulting in data gaps.
To maintain the integrity and continuity of our datasets, we omitted weekends and only
used data collected during the week. The two software tools were used not to compare
RTKLIB with CSRS-PPP, but rather to ensure that the analyses made and the obtained
results are independent of the software used.

Prior to doing the statistical analysis, we constructed ZTD time series plots to facilitate
comparison visualization, assisting in the detection of variations and patterns in the ZTD
variability for the Centipede Network. Subsequently, a statistical comparison of the ZTD
was performed to examine the quality and reliability of the tropospheric estimations made
by the Centipede-RTK (low-cost), assessing their potential as replacements to the existing,
high-cost network.

3.1. ZTD Time Series

The ZTD estimations were plotted against time to produce the ZTD time series. Each
time series figure includes ZTD data from the two GNSS network stations, processed using
RTKLIB and CSRS-PPP software solutions. We developed a comparative framework by
evaluating the temporal trends in the ZTD variability offered by the two networks. These
plots help to detect differences and patterns in the ZTD variability for the Centipede Net-
work, allowing for a better understanding of the estimation processes and their respective
accuracies. The two continuous lines represent the results obtained from the RTKLIB
software, while the dashed ones represent those from CSRS-PPP, where the red colour
represents the Centipede stations and the blue represents the EUREF ones. Both for the
BRMG-BIO (Figure 4) and BRMF-BEFF (Figure 5) pairs, the ZTD estimations obtained
from the CSRS-PPP software are more smoothed and reliable than those obtained from
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RTKLIB, which provides unacceptable and unreliable estimations over the whole period.
The results are similar on some days, but the trends are quite different.

ZTD time-series for BRMG and BIO
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Figure 4. ZTD time series for BRMG vs BIO for weeks of the year (WOY) 8 to 12.
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Figure 5. ZTD time series for BRMF vs BEFF for weeks of the year (WOY) 8 to 12.
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3.2. Statistical Comparison

The comparison of the derived ZTD estimates from the stations within both networks
over five randomly selected weeks was processed by two separate software types, RTKLIB
and CSRS-PPP, and plotted independently for each pair of stations. During the first phase,
the ZTD estimations were processed with RTKLIB and CSRS-PPP. The findings were then
plotted separately for each pair of stations to make a clear visual comparison. The example
plot (Figure 6) illustrates this comparative analysis.

BRMG VS BIO

BRMG(RTKLIB) - BIO(RTKLIB)
BRMG(CSRS) - BIO(CSRS)
BRMG(RTKLIB) - BRMG(CSRS)
BIO(RTKLIB) - BIO(CSRS)

o1 o

Difference in ZTD estimates [cm]

: R

1 I | 1

26 Feb 27 Feb 28 Feb 29 Feb 1 Mar

Figure 6. Comparative ZTD estimates variability across BRMG and BIO stations.

The absolute differences in the color-coded scatter plots, with the error bars indicating
the standard deviation of the measurements from the five days, were considered repre-
sentative of a standard week for these stations. As previously stated, this standard week
includes only weekdays and excludes weekends. This strategy was used to limit the impact
of technical problems with the computer’s power supply and internet connection that
happened on weekends, resulting in data gaps. To ensure the integrity and continuity of
our datasets, we concentrated on the continuous data collected on Monday through Friday.
This graphical technique demonstrates the variability and precision of the ZTD estimates
over one week, which is precisely representative of the other four weeks.

The initial comparative analysis revealed that the ZTD estimates obtained from RTK-
LIB were inconsistent and unreliable, as shown in Figure 6. These discrepancies, in addition
to Figures 4 and 5, highlighted significant issues with the RTKLIB-derived ZTD estimates,
justifying the decision to exclude them from further analysis. Consequently, this study
focused exclusively on the ZTD estimates derived from CSRS-PPP, ensuring the reliability
and accuracy of our findings.

Following the decision to focus on the CSRS-PPP software due to the unreliability of
the RTKLIB results, we present the ZTD comparisons for each pair of stations processed by
CSRS-PPP. Figures 7-11 illustrate the ZTD estimate differences processed by the CSRSS-PP
software for each pair of stations and provide a comprehensive view of the temporal trends
and variabilities within the network.

All of the figures (Figures 7-11) show a clear alignment of the ZTD estimate values
across different days between the Centipede and EUREF stations, indicating temporal
consistency in the observations from both networks.

Figures 7 and 8 represent similar findings, small differences (less than 1 cm mean
differences) with few variances and minor standard deviations. This highlights the close
proximity and similar behavior of the two stations of each pair, one from the Centipede-RTK
network and the other from the EUREF network, when processed with CSRS-PPP.
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Figure 7. Comparative ZTD estimate variability across BRMG and BIO stations.
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Figure 8. Comparative ZTD estimate variability across BRMF and BEFF stations.
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Figure 9. Comparative ZTD estimate variability across GRAS and SOPH stations.
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Figure 10. Comparative ZTD estimate variability across VFCH and RDHB?Y stations.

BRSTvs IUEM
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Figure 11. Comparative ZTD estimate variability across BRST and IUEM stations.

Figures 9-11 also demonstrate the close alignment and comparable performance of the
two stations of each pair. However, they exhibit slightly larger mean differences. For the
pair stations in western France (BRST and IUEM) and central France (VFCH and RDHB?),
the mean differences are less than 2 cm. For the SOPH and GRAS station pair, the mean
differences are less than 3.5 cm.

The results obtained from the previous plots are summarized in Table 4 . This approach
enables a clear visualization of the findings, making it easier to compare the performance
of the Centipede-RTK network with the EUREF network.

Moreover, in order to assess the quality performance of the Centipede-RTK network
in ZTD estimation, the Root Mean Square Error (RMSE) is used as the quality indicator in
this performance assessment, which is computed as

1M
RMSE = n Z (ZTDestimated — ZTDgurer Product)2 (18)
i=1

where 7 is the total number of ZTD estimations, and the ZTD EUREF product is the
reference value considered for the comparison and for the quality check, downloaded from
the EUREF website (https://epncb.oma.be/_networkdata/data_access/dailyandhourly/
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datacentres.php, accessed on 15 May 2024) on an hourly scale. The results are shown in
Figures 12-16.

Table 4. Range of mean and maximum ZTD differences for all station pairs over a five-week period
using CSRS-PPP.

GNSS Stations Mean Diff. [cm] Max Diff. [cm]
BRMG-BIO <1 <2
BRMF-BEFF <1 <2
GRAS-SOPH <35 <4
GRAS-SOPH * <35 <37
VEFCH-RDHB7 <2 <3
BRST-IUEM <2 <3

* This row represents the result without accounting for the height difference between the SOPH and GRAS stations.

BRMG & BIO

N BRMG (CSRS)
9r I B0 (CSRS)

RMSE [cm]
(8]

WOY 8§ WOY 9 WOY 10 WOY 11 WOY 12

Figure 12. RMSE values of ZTD estimates for BRMG and BIO stations in respect to the EUREF ZTD
product for weeks of the year (WOY) 8 to 12.
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Figure 13. RMSE values of ZTD estimates for BRMF and BEFF stations in respect to the EUREF ZTD
product for weeks of the year (WQOY) 8 to 12.

~ GRAS & SOPH
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Figure 14. RMSE values of ZTD estimates for GRAS and SOPH stations in respect to the EUREF ZTD
product for weeks of the year (WOY) 8 to 12.
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Figure 15. RMSE values of ZTD estimates for VFCH and RDHB?7 stations in respect to the EUREF
ZTD product for weeks of the year (WOY) 8 to 12.
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Figure 16. RMSE values of ZTD estimates for BRST and IUEM stations in respect to the EUREF ZTD
product for weeks of the year (WQOY) 8 to 12.

Figure 13 demonstrates that the BRMF and BEFF stations consistently have very
low RMSE values, with each falling below 1 cm for the whole five weeks. This trend
demonstrates the reliability and consistency of these stations” ZTD estimates. Figures 12,
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15 and 16 show a similar trend for both stations from each pair, with slightly higher RMSE
values that stay below 2 cm. However, there are notable exceptions indicating unusual
RMSE spikes, such as WOY 9 for the VFCH and RDBHY stations, as well as WOY 8 for
the BRST and IUEM stations. These anomalies and outliers suggest specific conditions
or factors influencing the data quality for those periods. Figure 14 also exhibits the same
general behavior but with RMSE values less than 3 cm, except for an anomaly at WOY
10. During this period, the GRAS station also shows higher RMSE values. This unusual
pattern indicates a potential fault or specific conditions affecting the data quality for that
particular pair of stations in that period.

Table 5 demonstrates that the Zenith Tropospheric Delay (ZTD) estimations from both
networks are consistent with the EUREF ZTD product, as shown by the low RMSE values.
Although there are values exceeding 7-8 cm, these are caused by some outliers, as indicated
in the previous figures. Furthermore, the precision acquired with CSRS-PPP is consistent
across all the pairs of stations.

Table 5. RMSE values obtained considering CSRS-PPP software.

Station RMSE (cm)
BRMG <3
BIO <3
BRMF <1
BEFF <1
GRAS <3
SOPH <7
SOPH * <35
VECH <8
RDHB7 <8
BRST <7
IUEM <7

* This row indicates the RMSE value of the SOPH station without taking into consideration the height difference.

4. Discussion

The results reported in the previous section demonstrate that CSRS-PPP provides
appropriate and reliable Zenith Tropospheric Delay (ZTD) estimations with the low-cost
network, in contrast to the results obtained from RTKLIB, which were not acceptable.
This indicates that, in the context of this research, CSRS-PPP is the appropriate software.
Consequently, we chose to focus and continue our analysis exclusively with CSRS-PPP. This
finding underscores one of the key objectives of this study: to highlight the disparities in
results produced by different software types when processing the same data and to identify
the most reliable processing tool for our specific needs. The greater precision of CSRS-PPP
and the differences between the two software packages can be attributed to different factors.
Firstly, CSRS-PPP uses the Global Mapping Function (GMF) based on numerical weather
model data, whereas RTKLIB uses the Niell Mapping Function (NMF), which is simply
based on the site coordinates and the day of the year. The GME, incorporating weather
model data, provides a more accurate representation of the tropospheric delay. While the
use of the Niell Mapping Function can cause 1-2 cm ZTD errors, we observed errors up
to 15 cm, indicating that other factors also contribute significantly to the discrepancies
in precision between the two software packages. Secondly, the software-specific cutoff
angles further contribute to the discrepancies. The EUREF ZTD product has a cutoff angle
of 7 degrees, CSRS-PPP set at 7.5 degrees (which is not configurable), and RTKLIB set
at a 10-degree cutoff as the closest choice. This difference in cutoff angles can have an
impact on the ZTD estimation accuracy since RTKLIB may ignore certain satellite signals
whereas CSRS-PPP includes them. Additionally, multipath effects, which occur when
satellite signals reflect off surrounding surfaces before reaching the GNSS antenna, can
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induce signal distortion and have an impact on ZTD calculations [19]. Unlike RTKLIB,
which allows for significant customization and thorough information, the CSRS-PPP online
service has few options and lacks transparency regarding its estimating process. While
efforts were made to synchronize the settings between the two platforms where possible,
intrinsic discrepancies persisted. Moreover, this limitation constrains our ability to fully
investigate and compare the optimality of CSRS-PPP in relation to RTKLIB. All of the
aforementioned points emphasize the significance of understanding the underlying models
and configurations utilized in various software packages for precise and dependable ZTD
estimates. The findings emphasize the importance of careful attention while selecting
processing methods for GNSS data, especially in applications requiring high precision.

Furthermore, as indicated in Table 4, the largest mean variances in the ZTD estimates
by CSRS-PPP between the station pairs are less than 3.5 cm. Moreover, as can be observed
in Table 4, the elevation difference has a considerable impact on the accuracy of the ZTD
calculations. When the height disparities between the SOPH and GRAS stations are taken
into account, the ZTD discrepancies found are significantly smaller—up to ten times
smaller in the case of the mean ZTD difference. This highlights the need for the use of
height corrections to improve the precision of the ZTD calculations.

Table 5 reveals the RMSE values of the ZTD processed with CSRS-PPP, compared to
the EUREF ZTD product as a reference. The RMSE values for two station pairs (BRMG
and BIO, and BRMF and BEFF) are very low (less than 3 cm). The remaining stations
(VECH and RDHB?, BRST and IUEM, and SOPH) have significantly greater RMSE values
(less than 8 cm).The reason for these greater RMSE values is due to one week outlier, as
shown in Figures 14-16. The RMSE values for the other weeks are less than 3 cm, which
is consistent with the other stations. Within each pair, the RMSE results are consistent
between the Centipede-RTK and EUREF stations. This suggests that greater RMSE values
are independent of the network type. Both the low-cost and high-cost stations within each
pair had the same RMSE values, indicating that the network type has no major impact on
the accuracy of the ZTD predictions.

5. Conclusions

This study assessed the performance of the low-cost Centipede-RTK network in
estimating the Zenith Tropospheric Delay (ZTD) and compared it to the existing EUREF
network, using two different software packages, RTKLIB and CSRS-PPP, to ensure that
the obtained findings are robust and independent of the software used. The key outcomes
of this comparison analysis highlight two major findings: Firstly, the ZTD calculations
from the Centipede and EUREF networks processed by the CSRS-PPP have practically
comparable accuracy values. The biggest mean difference in the ZTD estimates between the
two networks was less than 3.5 cm , indicating that their observations were highly correlated
and consistent. This closeness emphasizes the low-cost Centipede Network’s reliability
as a viable choice for precise tropospheric monitoring. Secondly, this study examined the
quality and precision of the ZTD estimates, as measured by the Root Mean Square Error
(RMSE). The RMSE values served as a quality indicator, representing the estimated values’
departure from the EUREF ZTD product. It was discovered that regardless of changing
geographical and climatic conditions, the low-cost Centipede Network’s ZTD values are
consistent with those provided by the EUREE. Furthermore, CSRS-PPP generates ZTD
estimations that closely match the EUREF ZTD product values.

The findings show that, despite differences in equipment costs and configurations, the
geographical and temporal variability in the ZTD values across both networks is closely
related. As a result, low-cost GNSS networks can be used to increase the GNSS network
density. They provide an affordable method for improving the spatial resolution of tropo-
spheric monitoring. The ensuing high-resolution temporal and spatial monitoring of the
water vapor distribution would allow for more precise predictions of rainfall and extreme
weather events. This can have a significant positive impact for climate change studies.
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One of the future developments will be to extend the time period of data acquisition
and analyze the results for other time windows, excluding the possibility that the good
consistency of the results obtained is linked to a seasonal factor. What is shown in this article
is only a preliminary study that will need to be extended to ensure both the independence
of the results from seasonality and the station selection made in this work.
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