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Background
1. Challenge

GNSS positioning accuracy is affected by atmospheric propagation biases caused by:
- lonosphere: dominant effect > removed via the iono-free (dual-frequency) combination.
- Troposphere: frequency-independent > must be estimated as an unknown.

Tropospheric bias modifies the real satellite-receiver distance > Zenith Total Delay (ZTD)

A R W

f
ZTD = ZHD + ZWD :
r

ZHD: due to the mix of gases in atmosphere, ~ 90% of ZTD, easily modeled
Z\WD: due to the presence of water vapor in atmosphere > extremely variable
related to Precipitable Water Vapor (PWV) > maximum quantity of condensable water vapor.

* PWV observations support severe-weather analysis and provide a basis for studying atmospheric
condition and anomalies.
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Background
2. Challenge and Gap

Main limitation: station-based ZTD/PWYV describes isolated points, not a continuous field.

PWV = f(ZWD,P,T,...... )

Challenge (a) — ZTD supplied as station time series:

- ZTD is available only at the discrete locations of the GNSS network.

- Network coverage and density vary strongly across the territory.
Challenge (b) — Pressure and Temperature from meteorological networks:

- P and T, notthe GNSS network.

- GNSS and meteorological stations are generally not co-located. are provided by a separate
meteorological network

- Observations must be matched in time and space before ZWD/PWV can be computed consistently.

Xl Hotine-Marussi Symposium, Genova, 7-11 September 2026 q@ @ glnéxgernl:gg:



Background

1D PWV approach limitation: an example of severe event

2011 NOVEMBER the 4™ SEVERE EVENT ON GENOA (ITALY)

Stationary and self-healing storm over Genoa (ltaly) 33

* intensity: up to 180mm/hour and 3

* flooding of Bisagno and Fereggiano rivers.

* 6 personsdied and extensive dam

90mm/6h

ages.

Average PWV - GENO station

A. No meteorological event

B. 4" November 2011 severe event
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The Big Picture

Invisible water in the air

The atmosphere holds
moisture we cannot see
but it fuels the storms we
cannotignore.

)

e
-

Automated Procedure

Combining non-collocated
GNSS and meteorological
records into one
continuous, automated
workflow

N

J

-

Italy's first national
water vapor map

High spatial and temporal
nationwide 2D view of
atmospheric water vapor
content.

y

'll'l

Severe weather monitoring

Early warning systems,
seismic activity, extreme
weather applications.

- )

From an invisible atmospheric signhal to a nationwide monitoring of PWV in ltaly.
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Project contribution

Research cooperation between the University of Genoa (UNIGE)

Geomatics Laboratory and the Italian Space Agency (ASI).

Goals:

* Generate high spatial and temporal 2D Precipitable Water Vapor (PWV) maps at
Italian territorial extent to detect and analyze severe meteorological events.

* Deepen the knowledge about the relation between PWV field anomalies and

seismic activity.

G4M (GNSS for Meteorology): automatic procedure developed by UNIGE to move

from station-based PWV(t) to 2D national PWV(x,y,t) maps

7
G4M input
Computational
domain
tDr tfr At
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stations PSs ; & |
: : ‘
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EUEREF

Data query and data preprocessing

|

Spatial interpolation
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[ 2D PWV maps (t) generation }
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Data Sources: distribution and availability

P, T ZTD
MNW EUEREF
v v
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~ GNSS network —

ASI GNSS PS network: GNSS
data from ASl's "New
National  GNSS Fiducial
Network": multi-constellation
network, 45 Permanent
Stations

NOAA network: A global
and long-term stable
meteorological network.
provides global hourly and
sub-hourly P&T
measurements  collected
from a network of fixed
stations. It Act as the
reference network to

\_ validate MNW.

r Meteorological data networks

Meteonetwork (MNW):
Citizen Weather Stations
(CWSs) initiative established
in 2002 and continuously
operating since then . The
network is providing a high
spatial density source of the
meteorological observations
over Italy.
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Data distribution and availability: Meteorological stations

~— Meteorological data networks ~\

llaria Ferrando, Abubakr Khalid Ahmed Albashir, Bianca Federici,
Gabrio Pinnizzotto, Catia Benedetto, Francesco Vespe,
and Domenico Sguerso

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
Laboaratory, for creating Precipitable Water Vapor (PWV) maps covering the Ttalian 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.

Keywords

Inter Quartile Range (IQR) - Meteorological DataBase (DB) - Precipitable Water Vapor
{(PWV) - Pressure (P) - Temperature (T) - Zenith Total Delay (ZTD)

sors network managed by an association of meteorology
1 Introduction enthusiasts (Glazzi et al. 2022). The activity is part of

the scientific cooperation between the University of Genoa
2 The present contribution assesses the coherence between (UniGe)and the Italian Space Agency (ASI) for the exploita-
- s the meteorological data provided by the National Oceanic  tion of the Global N: tion Satellite System (GNSS) data
. s . .o o ™ T . .
and Atmospheric Administration (NOAA)' and those made  acquired through the “New National GNSS Fiducial Net-
available by MeteoNetwork (MNW),? a crowd-sourced sen-  work”, implemented by ASI. This multi-constellation GNSS

\ NOAA network Meteonetwork (MNW) )

We conducted extensive accuracy assessments to evaluate the near surface atmospheric P and T observations
coming from the MeteoNetwork (MNW) observations over the Period between 2023-2025 including:

e External evaluation: against preliminary reference NOAA datasets.
e Internal evaluation: cross-validation among MeteoNetwork stations.
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Database architecture Overview

P, T ZTD Database Management System (DBMS)
MW FUEREF This system is implemented using the PostgreSQL, an advanced Pg S
@ @ open-source relational database management system.

v v

) ) PostgreSQL

| Database Structure
% The database is designed around five main tables.
A 1. Meteorological Networks table

Stores network meteorological network metadata.

2. Meteorological stations information table
Contains stations-level information

3. Meteorological observations table
Stores real-time meteorological measurements (temperature, pressure, timestamp)
Linked to both:
Meteorological stations information table (spatial and administrative
reference) Meteorological
Networks table (data source and traceability).
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Database Structure (Cont.)

4. GNSS station information table
Contains metadata for ASI GNSS Permanent stations

5. ZTD observations table
Stores hourly atmospheric delay parameters and their standard deviations

Meteorological Networks

GNSS Station Information PK network_id Database retrieving procedures:
e network_name
PK gnss_station_id * provider/ description 1. Meteorological data extractor @15 min.
- operational center is ASI
® geodetic metadata network_id

2. ZTD data extractor @ hourly polling
Meteorological Stations (EUREF/BKG rapid SINEX, 01D01H).

gnss_station_id
network _id

PK station_id
FK network_id

00 SRS « latitude / longitude / altitude

PK obs_id station_id
FK gnss_station_id
« TROTOT (ZTD) Meteorological Observations
* TGNTOT, TGETOT .
L ° std. deviations, timestamp ) PKObSTId )
FK station_id

FK network_id

e temperature, pressure, timestamp
\ J

[ GNSSdata chain
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From Database Queries to 2D PWV Mapping: G4M Automated Processing Pipeline

ZTD
EUEREF

Data query and data preprocessing

|

Spatial interpolation

A 4

{ 2D PWV maps (t) generation
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I S S

Time and space
initialization

User defines AOI,
start/end time, step
frequency and grid

resolution.

.

-
B Spatial
interpolation

GRASS GIS natural
neighbor interpolation
generates continuous
ZTD, P and T rasters for

each epoch.

4 . . N\
GeoDB filtering
and retrieval
Queries the GeoDB to
extract ZTD from GNSS
stations and P/T from
meteorological stations
\__ J
4 )

u PWV map
generation

ZHD, ZWD and PWV
conversion models are
applied to the aligned

grids.

Output: 2D Maps ZTD, pressure, temperature and PWV

) ®
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First National-scale maps from G4M

* Pressure and temperature data from the quality-controlled meteorological records = from the GeoDB.
* Hourly natural-neighbour interpolation over the entire Italian AOI.

*  Qutput: nationwide pressure and temperature fields.

* Map shows the trend of lower pressure and temperature trend in the north and higher toward the south.

P [hPa] TIK]

. 1018 . 292
1009
1000

- 991 - 270

Pressure map Temperature map
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First National-scale PWV map from G4M

* ZTD from the full ASI Fiducial GNSS Network records - from the GeoDB.
* Hourly natural-neighbour interpolation over the entire Italian AOI.
*  Qutput: nationwide ZTD and derived PWV fields.

*  PWV pattern follows the spatial behaviour of the interpolated ZTD field, but local extremes appear where ZTD support is sparse or changes sharply
between stations.

ZTD [mm] PWV[mm]
g 242 - 100
2245 58
2068 16
L 1892 |
Zenith Total Delay (ZTD) map Precipitable Water Vapor (PWV) map

Universita
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Case study: Comparison with ERA5 datasets

Case study:

* 14 March 2025, extreme precipitation in the Emilia-
Romagna region.

* Compare 24h interpolated fields of G4M with their
corresponds fields of ERAS.

ERAS reference fields:

* Hourly (pressure, temperature and Total column water
vapor (TCWV)).

* Spatial resolution of 0.25° x 0.25°.

Project GeoDB data (G4M inputs):

* Same AOIl and spatial resolution defined by the extent (3 e Exent A L=
of the ERAS5 raster. =g

* Hourly (ZTD, P, T) extracted from the GeoDB.

* G4M automatically retrieves the observations and
interpolates the observations in an hourly time step.
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Results: Comparison with ERAS5 datasets

Residual results, maps at 00:00 UTC
AX (Xeras = Xgam)

For each of the three parameter, the hourly residuals was estimated with respect to ERA5 data, then the Interquartile
Range (IQR) method was used to detect and remove the outliers.

AP [hPa] APWV [mm]

. 3 . 38
1 10
* : -17 "
=3 . = s |
AP (PERAs - PG4M) AT (TERA5 - TG4M) APWV (TCWVERAS - PWVG4M)
Mean: -0.3 [hPa] Mean: 0.5 [K] Mean: -1.3 [mm]
Standard deviation: 1.1 [hPa] Standard deviation: 1.5 [K] Standard deviation: 14.9 [mm]
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Results: hourly PWV comparison with ERAS

* The PWV residuals show the largest variability among the
analyzed parameters, with a broad hourly IQR of
approximately between -11to +7 mm.

* Histograms, after IQR cleaning, are generally centred
near zero.

* The mean residual remains close to -2 mm for most
hours, while the median is generally near zero.

* Further investigation should examine the PWV residual
map, interpolated  ZTD  field, and temporal
correspondence between the G4M and ERAS fields.

Hourly summary of PWV residuals

IQR
751 ~8— Mean
—m- Median
5.0 1
2.5 1
£ - -
E 007 A T e P SRR BEE S ew--R--m--g g
T W=y DR SR LRl = <2 mm
5 W
@ —2.51
g
a -5.0-1
~754
—10.0 1
-12.51

T T T T T T T u T T T y T y T T T T T T T T T T
00 01 02 03 04 0 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Hour (UTC)
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Hourly histograms of IQR-cleaned PWV residuals
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Conclusion and future work

 Current implementation establishes the operational backbone for national-scale PWV mapping.

* Automated and reproducible: easy to use for non-expert users.

* Scalable: the architecture extends to different spatial extents, GNSS and meteorological networks.

 Computational efficiency: ~ <5 minutes for National scale at Tkm x 1km spatial resolution.

« Comparison against ERA5 provides a first quantitative evaluation of the updated G4M interpolation chain.

* Future work: extend the validation to additional case studies and seasons; investigate the origin of the PWV
anomaly to improve the interpolation; and develop the Geoportal to visualise and disseminate regularly
updated, finalised national-scale PWV maps.
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Disturbance in the ZTD values

GNSS station: EKAROOITA (Asiago)
Elevation:1410.9m

GNSS station:CIMOOOITA (Modena)
Elevation: 2224.6 m

GNSS station: SVLLOOITA (Savelli)
Elevation:1209.3 m
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