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Abstract 

The established research cooperation between University of Genoa (UniGe) and Italian 
Space Agency (ASI) for the exploitation of the GNSS data acquired through the “New 
National GNSS Fiducial Network”, implemented by ASI, aims to develop and test 
the procedure named GNSS for Meteorology (G4M), deployed by UniGe’s Geomatics 
Laboratory, for creating Precipitable Water Vapor (PWV) maps covering the Italian territory. 
The focus of the present work is the coherence assessment between the meteorological data 
provided by National Oceanic and Atmospheric Administration (NOAA) and the ones made 
available by MeteoNetwork (MNW), a crowd-sourced sensors network. The comparison 
is based on the metrics of pressure and temperature differences, also accounting for the 
different sensors distribution, and on the application of Inter Quartile Range method, to 
select a set of reliable MNW stations for populating a meteorological DataBase for G4M 
procedure. 
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1  Introductio  n  

The present contribution assesses the coherence between 
the meteorological data provided by the National Oceanic 
and Atmospheric Administration (NOAA)1 and those made 
available by MeteoNetwork (MNW),2 a crowd-sourced sen-

1https://www.ncei.noaa.gov 
2https://www.meteonetwork.it 
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sors network managed by an association of meteorology 
enthusiasts (Giazzi et al. 2022). The activity is part of 
the scientific cooperation between the University of Genoa 
(UniGe) and the Italian Space Agency (ASI) for the exploita-
tion of the Global Navigation Satellite System (GNSS) data 
acquired through the “New National GNSS Fiducial Net-
work”, implemented by ASI. This multi-constellation GNSS 
network, consisting of 45 permanent stations distributed 
across Italy (Fig. 1a), supports the global geodetic networks 
of International GNSS Service (IGS)3 and EUREF Perma-
nent GNSS Network (EPN)4 in maintaining the terrestrial 
reference frame (ITRF),5 and enables advanced research in 
GNSS meteorology and climate change. 

As it is widely known, the GNSS accuracy is influenced 
by various factors affecting the observed signal, including 

3https://www.igs.org 
4https://www.epncb.oma.be 
5https://www.iers.org/IERS/EN/DataProducts/ITRF/itrf 
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Fig. 1 Distribution of the different networks: (a) ASI GNSS, (b) NOAA, and (c) MNW  

the tropospheric effects (Bevis et al. 1992; Davis et al. 
1985). Thus, studying their spatial and temporal variability 
provides relevant information for forecasting and monitoring 
significant meteorological events (Aragón Paz et al. 2023; 
Ferrando et al. 2017; Maciejewska 2025; Selbesoglu 2019). 
In this context, the established research collaboration focuses 
on the improvement and validation of the G4M (GNSS for 
Meteorology) procedure (Benvenuto et al. 2018; Ferrando 
et al. 2018), implemented by UniGe’s Geomatics Laboratory, 
to (1) generate Precipitable Water Vapor (PWV) maps across 
Italy with high spatial and temporal resolutions, and (2) 
identify possible correlations between seismic events and 
PWV anomalies (Doğganalp and Köz 2024; Guo et al. 2023, 
2025). Originally, G4M was applied to produce PWV maps 
at an inter-regional scale from Zenith Total Delay (ZTD) 
data derived from existing GNSS regional permanent stations 
(Sguerso et al. 2013, 2016) and non-co-located pressure 
(P) and temperature (T) observations. The procedure was 
successfully tested in northern Italy and eastern France 
during several meteorological events, showing encouraging 
results when compared with rain gauge data (Benvenuto et al. 
2020). The current research will produce high resolution 
PWV maps over the national territory, intended to serve as a 
valuable contribution for early-warning systems. Within this 
framework, the present study evaluates the coherence, avail-
ability, and quality of meteorological observations, mainly 
P and T, as key parameters for PWV retrieval (Jadala et al. 
2022; Li et al.  2022; Shen et al. 2024; Zhang et al. 2025). 
The paper is structured as follows: Sect. 2 describes the 
adopted methodology, Sect. 3 presents and discusses the 
obtained results, and Sect. 4 reports conclusions and future 
developments. 

2 Methodology 

The methods for analyzing the coherence of environmental 
parameters, i.e., P and T observations, deriving from open-
data providers that ensure stable data collection and publi-
cation frequencies over time, is here described. Data sources 
adopting data exchange technologies via API (Application 
Programming Interface) or FTP (File Transfer Protocol) were 
prioritized. Specifically, NOAA and MNW data providers 
were considered for this study, to pursue the following 
objectives: (1) to evaluate the number and spatial distribution 
of meteorological stations to assess their suitability as data 
sources, and (2) to examine the coherence between the two 
datasets, using NOAA stations data as a benchmark. 

2.1 Datasets 

NOAA Integrated Surface Data (NOAA ISD) provides 
global hourly and sub-hourly meteorological measurements 
collected from a network of fixed stations. NOAA mete-
orological stations deliver both historical and continuous 
records on variables such as temperature, pressure, sky 
visibility and wind conditions. The data frequency varies 
by station, depending on individual capabilities. The NOAA 
ISD stations in Italy were selected as the reference network 
for this study due to their long-term operational stability, 
official-status and their extensive historical archive. The 
distribution of NOAA stations over Italy is shown in Fig. 1b, 
with an average inter-distance of 91 km.
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MNW Citizen Weather Stations (CWSs) initiated in 2002 
and actively operated by the MeteoNetwork association since 
then. The network is providing a high spatial density source 
of the meteorological observations over Italy, with fewer 
stations over the surrounding countries. Figure 1c illustrates 
the spatial distribution of the operated MNW over Italy, with 
an average inter-distance of 17 km. 

2.2 Data Downloading 

NOAA ISD provides continuously updated meteorological 
data for each station with a typical latency of 2 to 4 days 
through FTP protocol. In this study, complete datasets for 
2023, 2024 and the first four months of 2025 were consid-
ered. As a pre-processing step, only P and T data indicated by 
the quality flag “Passed all quality control checks” assigned 
by the NOAA ISD standards were retained. MNW data 
can be accessed via API. The performed analysis of data 
transmission latency indicates that more than 90% of MNW 
stations deliver observations with a delay of 10 minutes or 
less. P and T observations for the period spanning from 
January 2023 to the end of April 2025 were considered, 
matching the time frame of the NOAA ISD dataset to ensure 
comparability. Due to the huge volume of datasets, data for 
five fixed days each month (3rd, 10th, 17th, 21st, and 27th) 
within this period were extracted. 

2.3 Data Synchronization 

To ensure a meaningful comparison, MNW stations located 
within a 10 km radius from NOAA stations in Italy were 
selected, resulting in 98 NOAA-MNW pairs. MNW observa-
tions were temporally synchronized to NOAA’s ones. More-
over, T observations were adjusted to match the altitude 
of the corresponding NOAA station, according to the well-
known expression of the vertical thermal gradient, reported 
in Eq. 1, where L D 0:0065. °C/m. 

.L D _
dT

d z
(1) 

P data required no further adjustment, since they are referred 
at the same reference height, i.e., the mean sea level height, 
in both datasets. 

2.4 Data Cleaning and Reliability 
Assessment 

To analyze the coherence between MNW and NOAA 
measurements, the P and T differences ( ̂ .P and ^.T, 
respectively) were analyzed. The Inter Quartile Range 
(IQR) method (Tukey 1977) was selected as the core 

Table 1 Variation of PWV based on P and T changes within their 
tolerance intervals 

Parameter Tolerance interval Variation of PWV 
P 1013:25 ˙ 3 . 1. hPa 1.7 mm 
Tm 277:67 ˙ 3 . 0:72. K 0.5 mm 

cleaning process to exclude anomalous observations from 
the considered datasets, based on the assumption that the 
distribution of ^.P and ^.T is centered around zero. The 
statistical metrics, i.e., mean value, standard deviation and 
the 90th percentile of the Root Mean Square Error (RMSE), 
of ^.P and ^.T were estimated before and after the cleaning 
process. Additionally, the 90th percentile of the RMSE of the 
cleaned data was applied as a filter to assess MNW stations 
reliability (Castell et al. 2017; Sousan et al. 2016). 

Thanks to the variance propagation, a sensitivity analysis 
was performed (Table 1) to determine how the PWV value is 
influenced by the variation of P and T within their tolerance 
intervals U+3 .A ., where U. represents the expected value and 
A . stands for the standard deviation. The standard deviations 
are set to the conservative values of AP . = 1 hPa and AT . = 
1 K, whereas P and T values are assumed as P = 1013.25 
hPa and T = 288.15 K, in accordance with the International 
Civil Aviation Organization (ICAO) definition of standard 
atmosphere. 

The weighted average temperature Tm is obtained as 
(Bevis et al. 1992) 

.Tm D 70:2 C 0:72 . T (2) 

Thus, using the linear variance propagation formula to Equa-
tion 2, the standard deviation of Tm is equal to 0.72 K. 

A MNW station was considered reliable if its RMSE 
value is below both the year-specific 90th percentile of all 
stations and the amplitude of tolerance interval ( + 3 . A .). 
Consequently, data from unreliable stations were excluded, 
and the statistical parameters were recalculated. The overall 
coherence analysis procedure is summarized in the diagram 
in Fig. 2. 

3 Results and Discussion 

As shown in Table 1, a variation of 6 hPa in P, corresponding 
to the amplitude of the tolerance interval, results in an 
effect on PWV of less than 2 mm, while a variation of 
approximately 4 K in T produces an effect of less than 1 
mm. These findings confirm the validity of the reliability 
thresholds defined in the methodology, that let to identify the 
MNW stations to be retained for subsequent analysis, i.e., the 
ones providing data with consistent accuracy.
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Fig. 2 Coherence assessment workflow 

Following this workflow, 91 out of the 98 selected MNW 
stations were identified as reliable for the considered time 
period. Table 2 reports the statistical metrics of ^.P and ^.T 
before and after data cleaning, based only on the IQR method 
and also after excluding the unreliable MNW stations. 

As shown in Table 2, both ^.P and ^.T values improved 
after data cleaning and the exclusion of unreliable stations: 
the mean standard deviations decreased from 0.59 to 0.44 
hPa and from 1.28 to 1.10 °C, for ^.P and ^.T, respectively, 
indicating reduced variability. The small magnitude of ^.P 
and ^.T reflects a high level of coherence between MNW 
and NOAA observations. 

Following data cleaning and metrics computation, plots 
were generated for the different MNW stations to visually 
highlight the magnitude of differences between the various 
years. As an illustrative example, the left panel of Fig. 3 
shows the accordance of P and T observations for the ran-
domly selected pair of stations formed by the NOAA Vigna 
di Valle (in red) and the corresponding MNW laz179 (in 
blue), over the entire study period, whereas its right panel 
reports the box-plots of ^.P and ^.T for all the considered 
NOAA-MNW pairs. The majority of median values, i.e., the 
horizontal lines within the boxes, of ^.P and ^.T are concen-
trated within [ _.2, +2] hPa and [ _.1, +1] °C, respectively, with 
relative boxes heights, representing the spread of the central 
50% of data, of about 1 hPa and 2 °C. 

4 Conclusions and Future 
Developments 

The workflow for data cleaning based on IQR method and 
statistical metrics of ^.P and ^.T enables a straightforward 
identification of reliable MNW stations, that show a high 
level of consistency with NOAA datasets for both environ-

mental parameters. Over the 98 selected MNW stations, 
only 7 were deemed as unreliable following this criterion. 
A key advantage of using the MNW stations is the near real-
time availability of data, that will enable the generation of 
PWV maps with minimal latency. These findings demon-
strate that the research project can rely exclusively on the 
MNW network, that has a denser and more homogeneous 
coverage compared to NOAA (815 vs 52 P stations; 891 
vs 134 T stations) over the Italian territory. Ongoing work 
focuses on performing a similar consistency assessment 
using the MISTRAL dataset (Meteo Italian Supercomputing 
poRtAL)6 (Bottazzi et al. 2021), to enrich the geoDataBase 
(geo-DB) and to enhance the spatial and temporal accuracy 
of the PWV maps. Further development will include the 
integration of environmental data and ASI’s ZTD estimates 
into a geo-DB connected with the G4M procedure. This 
integration will facilitate the realization of PWV maps for 
the analysis of meteorological events and the investigation 
of potential correlations between seismic activity and PWV 
anomalies. 
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Table 2 Metrics for NOAA–MNW comparison: before and after data cleaning, and after excluding unreliable stations 

^.P [hPa] ^.T [  ıC.] 
Mean Error Mean STD RMSE 90th Mean Error Mean STD RMSE 90th 

Before data cleaning 0.38 0.59 2.19 _0:35 1.28 2.05 
After data cleaning 0.39 0.49 2.13 _0:33 1.12 2.01 
Only reliable stations 0.34 0.44 2.08 _0:33 1.10 1.90 

Fig. 3 P and T time-series from a NOAA-MWN stations couple (left) and box-plots of the estimated differences (right) for all paired NOAA-
MNW stations. Along x-axis on the right panel, n represents the number of coupled observations, and the names refer to MNW stations 
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