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Keynotes
#1: Opportunisticweather observations inEUMETNET: past, present
and future

Speaker: Alex Priestley

Opportunistic observations form an important part of the networks operated by EUMETNET. Some of
these observations are now mature operational networks, giving important benefits to weather fore-
casting models, such as GNSS-derived water vapour measurements and derived aircraft observations.
Other sources of information, such as personal weather station data, are used widely on a national basis,
but unlocking their wider benefits is currently held back by the ability to share data across Europe. In
this talk I will cover some of EUMETNET’s past work to help exploit opportunistic observations across
Europe, and some plans for future opportunistic data use including webcams and smartphone data.

#2: Enhancing Numerical Weather Prediction with Opportunis-
tic and Crowdsourced Observations: Insights from NetAtmo and
Microwave Link Assimilation

Speaker: Stefanie Hollborn

The integration of opportunistic and crowd sourced observations into numerical weather prediction
(NWP) presents a promising path toward enhancing high-resolution, short-term forecasting.
This talk explores the potential of crowd-sourced weather data—specifically from NetAtmo personal
weather stations and Commercial Microwave Links (CMLs)—to improve NWP skill.
We will present findings from two recent research projects that evaluate the assimilation of these novel
data sources using state-of-the-art ensemble data assimilation systems.

First, results from a study on NetAtmo near surface temperature and humidity observations demon-
strate the added value of high-density data in regional NWP
through assimilation into the convection-permitting ensemble system ICON-D2 with the KENDA data
assimiliation framework.
Assimilating NetAtmo with proper quality control and bias corrections shows a positive impact, un-
derlining the feasibility and benefit of integrating citizen weather observations into operational sys-
tems.

Second, we report on the RealPEP project, which focuses on assimilating CML attenuation data as a
proxy for path-averaged rain rates.
Using the ICON-D2 model and EMVORADO radar forward operator, CML-specific attenuation is assim-
ilated via the Localized Ensemble Transform Kalman Filter (LETKF).
Case studies and statistical evaluation reveal that CML assimilation effectively enhances convective ini-
tiation and short-term precipitation forecast skill.
Improvements in fractional skill scores (FSS) for radar reflectivity forecasts further quantify these ben-
efits.

Together, these results underscore the growing importance of opportunistic sensing—both crowd-sourced
and infrastructure-derived—in modernmeteorology, providing valuable complementary information in
data-sparse regions and enhancing the resilience of forecasting systems.
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#3: AI in hydrometeorological applications: Fromnow-casting to
climate modeling

Speaker: Li-Pen Wang

In recent years, Artificial Intelligence (AI) has led to significant breakthroughs across many research
fields, including hydrometeorology. However, its broader application remains constrained by its “black
box”nature. In this talk, Dr Li-Pen Wang will present his team’s latest work on developing data-driven
approaches to tackle hydrometeorological challenges. He will highlight how AI can enhance radar
rainfall estimation and now-casting, and how it can help bridge climate dynamics with local rainfall
modeling. Dr Wang will also explore how OpenSense project can open new opportunities with help
from AI for future research.
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Opening Welcome Session
Speaker: Maximilian Graf

The OpenSense network - ideas, goals and achievements
Speakers: Vojtech Bares and Hagit Messer

WG1 on data management and standardization
Speakers: Roberto Nebuloni and Martin Fencl

WG2 on method and software homogenisation
Speakers: Christian Chwala and Aart Overeem

WG3 on merging and application
Speakers: Maximilian Graf, Jonas Olsson and Remko van de Beek
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Oral session #1: Processing methods
Session Chair: Filippo Giannetti

EnhancingQuantitative Precipitation Estimation in Urban Areas
Using IoT Sensors and Radar Data
Authors: Thomas Einfalt1; Annika Jahnke-Bornemann1; Bruno Castro1; Philipp Lampert1

1 hydro & meteo GmbH

CorrespondingAuthors: b.castro@hydrometeo.de, einfalt@hydrometeo.de, p.lampert@hydrometeo.de, a.jahnke-
bornemann@hydrometeo.de

In the city of Lübeck, 50 optical sensors from NIVUS were installed as part of the mFund project
heavyRAIN. These measurements, combined with radar-derived precipitation data, aim to improve
quantitative precipitation estimation (QPE) through additional information frommanymeasurement
points (Einfalt et al., 2024). A key aspect of the study was the careful selection of sensor locations to
optimize data quality in the challenging urban environment. To achieve this, a set of quality criteria
was defined to guide the placement of the sensors (Jahnke-Bornemann & Einfalt, 2023). Together
with the radar measurements, these measurements serve to better understand the spatial and tempo-
ral relationships between radar and ground measurements during heavy rainfall events. This leads
to an improvement of the adjustment by estimating the adjustment error in space and time.

Heavy rainfall events often exhibit high spatial gradients in radar measurements due to small-scale
precipitation cells. Since radar measures precipitation at altitudes ranging from several hundred
meters to a few kilometres, two critical questions arise:

• When does the precipitation measured at higher altitudes reach the ground? Depending on the
altitude and droplet size, which determines the fall velocity, raindrops can take up to 10 minutes
to reach the surface (WMO, 2024).

• Where does the precipitation reach the ground? Wind conditions between the radar measure-
ment height and the surface can cause precipitation to drift horizontally, sometimes over dis-
tances equivalent to the measurement altitude (Lack & Fox, 2007).

A comparison with a ground-based measurement network, such as the IoT sensor system, can help
address these questions. The study involved a comprehensive quality assessment by classifying
IoT sensor precipitation data into seven categories and comparing them with radar pixels at the
corresponding locations. Initial efforts focused on handling data gaps and erroneous values in the
IoT measurements. Subsequently, an extensive spatiotemporal analysis was conducted using a data
cube approach to improve the correlation between radar and sensor data. The data can be shifted
spatially and temporally in the data cube.

The findings demonstrate that integrating IoT sensors with radar data enhances the knowledge on
small-scale rainfall patterns. The improved correlation between ground and radar measurements
and supports the development of more accurate adjustment techniques. These results contribute to
the advancement of high-resolution precipitation monitoring and, as a consequence, forecasting in
complex urban environments.

Literature

Einfalt, T., Jahnke-Bornemann, A., Jasper-Tönnies, A., Kupzig, J., Neumann, J., Oppel, H. (2024)
Weather radar and IoT sensor networks: which information from which source? Book of Abstracts,
International Conference on Urban Drainage ICUD 2024, Delft. https://www.hydrometeo.de/wp-
content/uploads/202406_ICUD_IoT_sensors_Poster.pdf (besucht am 26.02.2025)

Jahnke-Bornemann, A. and Einfalt, T. (2023) heavyRain - Use of IoT rain sensors to improve heavy
rain forecasts in Lübeck. UrbanRain23 Book of Abstracts, P.Molnar, Switzerland, https://ethz.ch…BOOK-
OF-ABSTRACTS.pdf (besucht am 26.02.2025)
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WMO (2024): WMOGuide toOperationalWeather Radar Best Practices,WMO-No. 1257. https://community.wmo….
(besucht am 28.11.2024)

Lack, S. A., & Fox, N. I. (2007). An examination of the effect of wind‐drift on radar‐derived surface
rainfall estimations. Atmospheric Research, 85(2), 217–229.
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Enhanced quantitative rainfall estimation using dual-channel
TV-SAT microwave links: Progress and Experimentation
Authors: Aymeric CHAZOTTES1; Cecile MALLET1; François Mercier-Tigrine2; Laurent BARTHES1; Louise
Gelbart2; Maxime Turko2; Nicolas VILTARD1

1 LATMOS
2 HD Rain

Corresponding Authors: cecile.mallet@latmos.ipsl.fr, maxime.turko@hd-rain.com,

louise.gelbart@hd-rain.com, francois.mercier@hd-rain.com, nicolas.viltard@latmos.ipsl.fr,

laurent.barthes@latmos.ipsl.fr, aymeric.chazottes@latmos.ipsl.fr

Opportunistic remote sensing with TV-satellite microwave links (SML) in the Ku-band offers a
promising approach for rainfall estimation by leveraging signal attenuation as an indicator of rainfall
intensity. However, a key challenge remains: differentiating rain-induced attenuation from atmo-
spheric induced noise.
In this study, we use SML to evaluate their ability to retrieve rainfall rates, by taking into account the
emission of the atmospheric background noise. This method exploits signal variation of two distinct
frequency channels coming from the same satellite - one with full-band satellite transmission, and
the other without any signal emitted on the band. In this latter case, the receiver behaves like a ra-
diometer, capable of measuring atmospheric radiation. To implement this approach, we establish a
baseline for each channel (i.e., its signal level in dry conditions), which is automatically determined
using a deep learning binary classification model. Additionally, we apply corrections for wet an-
tenna, which significantly impacts light rainfall estimates, as well as for attenuation effects in the
melting layer.
We apply this dual-channel measurement approach at Cadarache, France, where seven Ku-band
sensors are co-located with six rain gauges. This setup allows for detailed validation of rainfall. Pre-
liminary results indicate strong consistency between the rain gauge and the Ku-band sensors with
dual channel method applied. The corrections for wet antenna and the melting layer effectively mit-
igate their respective biases, though further investigation is needed to refine their parameterization.
The dual-channel algorithm produces highly consistent and unbiased results across the rainfall in-
tensity range, significantly improving accuracy. In contrast, the standard method underestimates
heavy rainfall by ignoring atmospheric radiation effects.
In addition, we will present the experiment that we have recently set up on the SIRTA platform ob-
servation in Palaiseau, France, to further refine our understanding of the factors influencing rainfall
estimation with satellite microwave links. Three Ku-band sensors have been installed close to sev-
eral disdrometers, rain gauges, the 95 GHz BASTA cloud radar, and, above all, the 9.4 GHz ROXI rain
radar aimed in the same direction as the sensors. The objective is to better quantify uncertainties in
our measurements, particularly related to melting layer height and thickness, drop size distribution,
and vertical and horizontal heterogeneity of rain. These experiments will help improve error correc-
tion strategies and enhance the reliability of precipitation retrieval from TV-SAT links.

Page 7



OpenSense 1st International Conference, Offenbach, June 25-26, 2025. / Book of Abstracts

Improved CML-derived rainfall maps at city scale by introducing
quality control algorithms
Author: Xin Zheng1

Co-authors: Anna Špačková 2; Martin Fencl 2; Vojtěch Bareš 2

1 Hohai University, Nanjing, China
2 Czech Technical University In Prague, Czech Republic

Corresponding Author: baresvoj@cvut.cz

Theuse of opportunistic sensing (OS) devices for rainfall monitoring, such as commercial microwave
links (CMLs), has attracted the attention of urban hydrologists and drainage engineers in the recent
decade. However, the devices are neither originally designed for rainfall monitoring nor properly
maintained or installed. Therefore, they can be affected by various factors other than rainfall, such as
environmental conditions and technical issues and thus appropriate quality control (QC) is essential.
By implementing QC, potential errors and uncertainties in the data can be identified and corrected,
and the accuracy and precision of the estimated rainfall fields can be improved.

Previous studies suggested QC algorithms for single links (SL) removing artefacts from the time se-
ries of their signal levels leading to improved rain rate estimates and more accurate reconstructed
rainfall maps. In this study, we propose a QC method relying on neighbouring links (NL) and com-
pare it with SL algorithm at city scale with high density of CMLs and short correlation lengths. We
also investigate the synergy of simultaneously utilizing both QC methods for short time steps of 5
minutes.

A dataset of CML measurement was obtained from the T-Mobile network in Prague, Czech Republic.
The selected period is between July 2014 and September 2014. The CML network has 173 links. Two
datasets were used as the reference. The first reference dataset was generated by interpolating the
measurements from 23 local RGs using the inverse distance weighting. The second dataset consisted
of C-band radar data that was adjusted using the measurements from these 23 RGs.

The overall results show clear improvements of performance metrics when combining both QC al-
gorithms. For validation period RMSE decreased from 2.38 to 1.57 mm/h and Pearson correlation
increased from 0.45 to 0.74. The results demonstrate that NL method can be effectively applied for
CML-derived rainfall estimates, resulting in larger data availability compared to SL method. NL
performs better than SL when the CML density is high, and the superiority diminishes as the CML
density decreases. Simultaneously applying both types of QC methods can further reduce errors in
the results, but there may be a trade-off with data availability. The results also indicate that per-
forming simple QC operations on the CML measurement before applying NL can retain more data
while achieving favourable results. The findings of this study provide guidance for improving the
accuracy of retrieval and rain field reconstruction results.
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Rain Estimation Over a Region Using CycleGan
Authors: Hagit Messer1; Jonatan Ostrometzky1; Sagi Timinsky1

1 School of Electrical and Computer Engineering, Tel Aviv University

Corresponding Author: sagitiminsky@gmail.com

Accurately measuring rainfall is essential for weather forecasting, flood prediction, and water re-
source management. Traditional methods rely on rain gauges for direct measurements, radar sys-
tems for broader coverage and satellites. However, these methods face challenges due to sparse
sensor distribution and data coverage.
A promising alternative is using wireless commercial microwave links (CMLs)—the infrastructure
behind cellular networks. CMLs experience signal attenuation when it rains, allowing them to serve
as cost-effective, high-resolution rainfall virtual sensors. However, current training machine learn-
ing models require paired CML-rain gauge data, which limits their applicability due to missing or
misaligned measurements.
To overcome this limitation, we propose a CycleGAN-based framework that enables rainfall estima-
tion without requiring paired datasets. Instead of relying on direct matches between CMLs and rain
gauges, our method learns the relationship between the two through an unpaired training strategy.
We introduce two mapping functions:
• G:A→R (Converts attenuation to rain rate).
• F:R→A (Converts rain rate to attenuation).
By enforcing cycle consistency, the model ensures that translating between the two domains pre-
serves data structure, even in the absence of direct pairing between a CML and a gauge.
Our method offers several key advantages:
• Works with missing or sparse data.
• Adapts to different regions without direct alignment.
• Enhances rain estimation accuracy with a built-in detector.

We evaluated our approach on real-world CML datasets and rain gauge data from Israel and the
Netherlands, demonstrating high accuracy in estimating accumulated rainfall, especially in heavy
rain events.
This framework expands the capabilities of deep learning for rainfall estimation by enabling models
to learn from unpaired datasets. It provides a scalable and flexible solution that overcomes the
limitations of traditional supervised approaches.

Page 9



OpenSense 1st International Conference, Offenbach, June 25-26, 2025. / Book of Abstracts

Oral session #2: Bridging the gap
Session Chair: Remko Uihlenhoet

CommercialMicrowave Links for PrecipitationMonitoring: The
Experience of Arpae-SIMC in Emilia-Romagna
Author: Elia Covi1

Co-author: Giacomo Roversi 2

1 Arpae-SIMC, Bologna (IT)
2 Ca’ Foscari University of Venice and CNR-ISAC Rome (IT)

Corresponding Authors: ecovi@arpae.it, g.roversi@isac.cnr.it

Commercial Microwave Links (CML) offer advantageous properties compared to conventional sen-
sors: they provide greater spatial representativeness than individual rain gauges and are positioned
closer to the ground than the atmospheric volumes observed by weather radars. Moreover, CMLs
are monitored in real time, and a well-designed opportunistic dataset can achieve latencies of less
than 15 minutes. These factors make a CML network a valuable operational tool for precipitation
measurement.
This objective is being pursued in Emilia Romagna (Italy) by Arpae-SIMC, through the activities of
the EU LIFE CLIMAXPO project and the MODMET agreement between Arpae-SIMC and the Italian
Civil Protection Department.
Real-time CML data are acquired and stored from the Hydro-Meteorological and Climate Structure
of the Region (Arpae-SIMC). The data are shared by the company Lepida ScpA and consist of cou-
ples of instantaneous transmitted (TSL) and received (RSL) signal power levels (expressed in dBm)
at one minute resolution, integrated by metadata about the locations of the antennas and the signal
properties.
The purpose of this presentation is to report the experience developed within our regional weather
service regarding the use of CMLs. In detail, it is intended to show the details of CML acquisition
and related difficulties; the activities of the projects involved, in relation to the techniques developed
within the COST action OPENSENSE.
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High-quality precipitation analyses represent key operational products of national meteorological
services that serve several applications spanning from weather prediction, flood forecasting, and
drought monitoring to disaster management and climate change studies. In Germany, the Deutscher
Wetterdienst (DWD) plays a major role in providing regional to global scale quantitative precipita-
tion estimates (QPE) for real-time applications as well as climatological analyses. All these products
rely on ground-based precipitation measurements for either interpolation, adjustment, or validation.
Opportunistic sensors (OS) - not originally designed for high-quality hydrometeorological observa-
tions - such as commercial microwave links (CML) and private weather stations (PWS) increase the
density of ground-based sensors and may therefore constitute an important additional source of in-
formation that is still neglected in most operational data products.
We will introduce exemplary DWD precipitation products and discuss the yet identified and po-
tential benefits, respectively, of considering OS data: a radar-based QPE for real-time and climate
applications (RADOLAN/RADKLIM), the Global Precipitation Climatology Centre’s (GPCC) gridded
products based on interpolated station data, and the solely satellite-retrieved precipitation estimate
GIRAFE.
The radar-based QPE products RADOLAN and RADKLIM use ground-based observations to adjust
remotely-sensed indirect information to quantitative precipitation values. Classical pluviometers,
however, due to the relatively low network density miss a significant fraction of local heavy pre-
cipitation events. Within the project HoWa-PRO, DWD has established a multi-source data merge
including CML data to overcome this limitation and provide improved QPE to the flood forecasting
centers of the German federal states in charge.
GPCC operates under the auspices of the World Meteorological Organization (WMO) collecting and
archiving world-wide station data, performing quality control, and providing interpolated gridded
precipitation fields and derived products for monitoring as well as climate change studies. Together
with an increasing demand for higher temporal and spatial resolution a high spatial density of ob-
servations becomes more important - especially in data-sparse regions. A complementary inclusion
of OS data is a promising option to support this plan.
GIRAFE is a solely satellite-based precipitation estimate by the EUMETSAT Climate Monitoring
Satellite Application Facility (CM-SAF) operating at DWD. GIRAFE uses ground-based precipita-
tion data for validation purposes. As validation is challenging in data-sparse regions like e.g. on
the African continent, OS data may serve as additional ground truth for product quality measures.
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Commercial microwave links (CMLs) measure total attenuation along their path. Thus when used
as opportunistic sensors, they provide path-averaged rainfall estimates. This poses a challenge for
rainfall map reconstruction and potentially for rainfall estimation itself, as the conversion of atten-
uation to rain rate implicitly assumes uniform rainfall along the CML path.
We propose a new algorithm called CLEAR (CML Segments with Equal Amount of Rainfall) for dis-
aggregating path-integrated rain rates along a CML path using a multiplicative cascade model. This
model redistributes rain rates by successively dividing the CML into segments with equal rainfall
amounts but varying segment lengths. The redistribution is driven by a cascade generator, with
variance dependent on the rain rate of the parent segment and its length. Spatial consistency of
the disaggregated rain rates across the entire network is ensured by a spatial coherence rule, which
determines which segment receives a higher rain rate using information from neighbouring CMLs.
The algorithm is tested on CML path-averaged rain rates obtained from 210 virtual rainfall fields,
simulated for a real network topology in Prague, CZ, consisting of 67 CMLs. In addition, the perfor-
mance of the algorithm is demonstrated in a case study where real observations from the same CML
network are used.
The CLEAR algorithm is efficient in estimating rainfall maxima and minima along a CML path,
achieving RMSE values of 2.8 and 1.3 mm/h, respectively, compared to 4.7 and 3.5 mm/h for the
original path-averaged rain rates. It also outperforms the benchmark GMZ algorithm, which has for
estimated rain rate maxima and minima along a CML path RMSE values of 6.8 and 1.8 mm/h, respec-
tively. While the results are slightly worse when considering the exact position of the disaggregated
rain rates, CLEAR still outperforms GMZ in this aspect. Additionally, due to the stochastic nature of
multiplicative cascades, CLEAR is capable of providing uncertainty estimates. The evaluation shows
that CLEAR tends to underestimate uncertainty, as reflected in the width of the uncertainty bands.
This is partly due to shortcomings in reproducing rainfall intermittency and partly because the en-
semble variance is driven by a cascade generator model that does not account for uncertainties in
the spatial coherence rule.
Multiplicative cascades used in the CLEAR algorithm have proven to be efficient for 1D disaggrega-
tion and are applicable even for sparse CML networks. However, further research is needed to en-
hance CLEAR’s uncertainty estimation and improve the estimation of rainfall intermittency.
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Ground-adjustment of weather-radar derived precipitation information is a common practice to cor-
rect for a variety of errors related to for example advection, size sorting or melting processes. His-
torically, this is mainly achieved by using point-like rain gauge observations which have a high
temporal resolution and accuracy, but lack spatial representativeness and observation density, e.g.
with one rain gauge per 330km² in Germany. In this study, we combine two novel approaches to
enhance quantitative precipitation estimation (QPE) with weather radars.
First, we use Commercial Microwave Links (CMLs) as an additional source of information. CMLs
provide path-integrated attenuation estimates close to the ground which yields a higher spatial rep-
resentativeness than rain gauges. Due to their large abundance, they also largely increase the density
of near-ground observations.
Second, we present a novel probabilistic deep-learning-based framework to combine radar, rain
gauge and CML data. The presented perceiver architecture is generic and can easily be extended
by additional input modalities.
Our study is based on the RADOLAN-RY precipitation product, derived from the C-band radar net-
work of the GermanWeather Service (DWD), and a German-wide CML networkwith 3900 link paths.
The results are compared to ResRadNet 1, a deep-learning model that only relies on radar input for
ground-adjustment.
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Weather radars provide high-resolution precipitation data but are subject to uncertainties due to their
indirect measurement high above ground. To improve data quality, national meteorological services
calibrate radar observations using ground-based station measurements for both operational and cli-
matological applications. The emergence of opportunistic sensors (OS), data sources not originally
designed for high-quality hydrometeorological observations, such as commercial microwave links
(CML) and private weather stations (PWS), offers the potential to increase the density of ground-
based sensors for the radar adjustment.
As part of the HoWa-PRO project, the Deutscher Wetterdienst, in collaboration with Ericsson, has
established a real-time CML data flow for radar adjustment. To facilitate this, the Python framework
pyRADMAN was developed, enabling low-latency merging of radar, station, and CML data. Built
upon the existing RADOLAN methodology, pyRADMAN extends its capabilities by incorporating
CML observations and testing advanced methods such as kriging with external drift, conditional
merging, and radar pre-correction techniques. These enhancements improve precipitation estimates
and reduce latency compared to traditional RADOLAN products, tested up to a temporal resolution
of 15 minutes.
Looking ahead, the modular architecture of pyRADMAN enables the seamless implementation of fu-
ture calibration techniques. The integration of opportunistic sensor data gives opportunities for ac-
curate, high-resolution precipitation estimation, both in an operational and research setting.
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Quantitative precipitation estimates are important for monitoring the water balance. Consequently,
there exists a wide range of rainfall measurement methods. Weather radar has good spatial coverage,
but the estimates can be biased. Ground observations, like rain gauges and commercial microwave
links (CMLs), provide more accurate estimates, but have less good spatial coverage. Adjusting the
weather radar field to fit the ground observations (merging) can provide more accurate rainfall pre-
cipitation fields.

WithinOPENSENSEwe have developed a python package,mergeplg, that implements differentmeth-
ods for merging weather radar fields to ground observations. In this work we provide results and
insights from merging weather radar data to ground observations, with a focus on CML data, us-
ing two open access datasets OpenMRG and OpenRainER. In general, CMLs improve the raw radar
estimates for both datasets.
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EURADCLIM is a publicly available climatological dataset of 1-h and 24-h precipitation accumula-
tions covering Europe at a 2-km grid over the period 2013 –2022. It is based on the surface rain
rate composites from the EUMETNET programme OPERA. Algorithms are applied to remove re-
maining non-meteorological echoes as much as possible. The 1-h accumulations are merged with
rain gauge accumulations from the European Climate Assessment & Dataset (ECA&D). Details on
the employed datasets and algorithms are presented. The quality and shortcomings of EURADCLIM
version 2 (https://doi.org/10.21944/ymrk-mr24 ) are assessed by comparisons to (independent) rain
gauge data and are presented by means of scatter density plots, a spatial verification, and case stud-
ies. EURADCLIM clearly has a higher quality than the original OPERA product. The potential of
EURADCLIM for deriving a pan-European precipitation climatology is shown.

EURADCLIM could serve as a reference dataset for precipitation estimates from opportunistic sens-
ing. We demonstrate this by comparing a merged dataset based on radar (the OPERA product) and
rain gauge data from personal weather stations (PWSs) over Europe to version 1 of EURADCLIM.
The results show a better agreement of the merged dataset with the EURADCLIM ground truth than
the version without PWS data, thus highlighting the potential of crowdsourced rain gauge data for
improving radar precipitation products.

Finally, the newest findings from research and development on EURADCLIM are presented including
what can be expected from version 3.
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Thebackhauling links of terrestrial wireless networks (Commercial Microwave Links, CMLs) and the
downlink of satellite broadcasting/broadband services (Satellite Microwave Links, SML) operating
in the Ku-band and above, say >10 GHz, proved effective opportunistic systems for rainfall sens-
ing. CMLs and SMLs exhibit, indeed, features that make them suitable to complement conventional
measurements carried out by rain gauge networks, weather radars, and Earth observation satellites.
Based on the experience achieved by several research teams active on this topic in Italy since 2017,
this paper compares CMLs and SMLs as opportunistic rainfall sensors from different perspectives.
We address technical aspects (complexity of data acquisition and processing), performance (spatio-
temporal resolution, accuracy, sensitivity and benefits brought by AI techniques), data accessibility
and ownership, and deployment and operational costs. Finally, the perspectives of such opportunis-
tic sensors and their potential as operational tools are also assessed in accordance with the evolution
of wireless networks: in particular, the increase of fiber backhauling and the shift towards mmWave
bands for CMLs will be important aspects for the future of CMLs, whereas the deployment of large
and mega constellations of LEO satellites may be beneficial to SMLs.

Acknowledgment - This work was supported by the following projects: SCORE, funded by Eu-
ropean Commission’s Horizon 2020 research and innovation programme under grant agreement
no. 101003534; Space It Up, funded by the ASI, the MUR –Contract no. 2024- 5-E.0 - CUP no.
I53D24000060005; FoReLab (Departments of Excellence), funded by the ItalianMinistry of Education
and Research (MUR); COST Action CA20136 OPENSENSE, funded by COST (European Cooperation
in Science and Technology); MODMET agreement between DPC and ARPAE.
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Rainfall has been monitored with microwave links opportunistically for nearly 20 years. So far, most
studies have focused on retrieving rainfall rates using the mean received signal, based on the power-
law relation between specific attenuation and rainfall rate. However, theories and measurements
have indicated that the power spectral density (PSD) of received signal contains extra information
about rainfall. The drop size distribution (DSD) and the motion of raindrops both play a role in de-
termining the scintillation spectrum of rain. To evaluate the feasibility of making use of rain spectra
for retrieving information about DSDs, measurements from different experimental datasets are in-
vestigated. Initial results indicate that some information about rainfall (e.g. rainfall rate) is indeed
retained in the spectra measured by a radio link at 26 GHz and a scintillometer at 160 GHz. Further-
more, a simulation of the PSD of the received voltage during rain is made to gain understandings
of its behavior. The simulation, based on Ishimaru’s work (1978), allows for the customization of
various settings (e.g., wavelength, geometry, antenna gain functions) of radio links, as well as the
DSD at different locations along the links. It is shown that large raindrops generally have more
influence on the PSD of received voltage than smaller raindrops. A theoretical method to retrieve
DSD from the PSD of the received voltage is proposed and its performance is assessed by simulation.
Results show that the concentration of the tiniest raindrops is hard to retrieve because of their minor
impacts on PSD. In the simulation, the concentration of larger raindrops can be relatively reliably
retrieved, even when a large variation of DSDs is present along the microwave link.
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On 29 October 2024 torrential rainfall exceeding locally 300 mm within less than 24 h, triggered
devastating flash floods in the province of Valencia in Spain. Rainfall sums equivalent to more than
half a year’s total precipitation occurred within just a few hours. In this region, more than 200 low-
cost weather observation devices, referred to as personal weather stations (PWSs), are located. The
network density of PWSs in this region is seven times higher than that of the SpanishMeteorological
Agency (AEMET), being able to provide more detailed insights in the rainfall dynamics. Another
advantage is that rainfall observations from PWSs have a high temporal resolution (~5-min) and are
available near real-time for everyone.
In this study we used rainfall observations from PWSs to get local insights into the rainfall event
of October 29. Several PWSs measured already more than 180 mm of rainfall in parts of the Magro
catchment (1661 km2) in the morning, consequently generating a flash flood in the upstream parts
of this rapidly responding catchment. Areal rainfall maps, based on interpolating the PWS data,
indicated daily catchment averaged rainfall sums exceeding 150 mm d-1 across an area of more than
2500 km2. Daily rainfall sums recorded by the PWSs showed a slight underestimation of the rainfall
with a bias of 4% and a high correlation (r = 0.94) when compared to reported rainfall from AEMET.
This presentation shows the relevance of utilizing PWSs for near real-time rainfall monitoring and
potentially flood early warning systems.
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Rainfall-runoff processes are highly dynamic in urban areas. For flood risk management an accurate
estimation of spatial and temporal rainfall distribution are essential. In view of increasingly avail-
able data sources for rainfall observations we investigate the benefits that additional data sources
can bring to the reconstruction of convective heavy rainfall. In this study we focus on the heavy
rainfall event in Brunswick (Germany, 205 km²) during storm Lambert in June 2023 and compare
rainfall data from different sensors: the GermanWeather service (DWD, 1 rain gauge), the municipal
wastewater management and the university (BS, 8 rain gauges), citizen scientists (CS, 4 rain gauges)
and rain gauge-corrected radar (YW). Rainfall information are compared regarding estimates of the
spatial distribution of absolute rainfall intensities and resulting return periods for durations ranging
from 5 minutes to 24 hours. As ‘truth’we consider the interpolated rainfall product derived from all
rain gauges. With ordinary kriging an areal rainfall of 113 mm over 24 hours is estimated. Since the
rainfall field of the storm event did not hit the only DWD rain gauge located in the region directly,
the derived areal rainfall is 72 mm only. Since the radar data is routinely corrected with the closest
DWD rain gauges, the radar-based areal rainfall is even smaller (69 mm). Considering the CS rain
gauges only leads to higher areal rainfall estimate (91 mm).
Also the spatial representation of the rainfall intensities is superior using CS data in comparison to
DWD data or radar data alone. For each raster field (1 km x 1 km) the maximum rainfall intensities
for durations D={5, 10, 30, 60, 360, 720, 1440 min} were determined and return periods T based on the
national extreme value catalogue assigned. For D=30 min, using all rain gauges results in T=100 yrs,
while using CS rain gauges only leads to a slight underestimation with T=50 yrs. However, strong
underestimations are identified for the usage of the sole DWD rain gauge leading to T=2 yrs, and
for radar leading to T=<1 yr.
The study underlines that CS data may add useful information for the reconstruction of heavy precip-
itation events and should be used to increase the spatial density of rainfall information particularly
in data sparse regions.
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Accurate rainfall observations, particularlywith a high resolution in space and time. are of paramount
societal importance for several reasons. They are needed to derive statistics of rainfall extremes used
for planning and designing infrastructure. They are used to establish the best possible initial state
for subsequent weather forecasts and rainfall nowcasts. They are crucial for developing numerical
weather and climate models as well as for assessing climatic trends.

Today, most National Meteorological and Hydrological Institutes use meteorological stations, often
together with weather radar, for rainfall observations. However, station networks are often sparse
and rainfall observations by weather radar notoriously uncertain. As a complement, opportunistic
rainfall observations have been advocated for several years by now. The most investigated and com-
monly used types are observations based on attenuation in signals between Commercial Microwave
Links (CML) and observations from PersonalWeather Stations (PWS). Both types are associated with
distinct errors and uncertainties, but owing to their high spatial density faulty data may be discarded
and useful signals filtered out.
Many proof-of-concept studies have demonstrated the potential of opportunistic rainfall observa-
tions for different applications, and in this effort performed within COST Action OpenSense we
review the applications carried out. The applications are divided into two categories; rainfall map-
ping (further divided into single opportunistic sensor or merged opportunistic/conventional sensors)
and subsequent applications (further divided into rainfall nowcasting and hydrological prediction).
We will present the results of this review as well as discuss some remaining challenges and potential
solutions concerning practical applications of opportunistic rainfall observations.
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Quantitative precipitation estimates are usually derived based on the measurements collected by
professional instruments, such as weather stations, weather radars, disdrometers, and rain gauges,
with different time/space resolutions, and accuracies.
Recently, the opportunistic use of pre-existing microwave communication links has been investi-
gated to retrieve precipitation estimates. In particular, satellite-based opportunistic systems for rain
monitoring, are particularly appealing due to: i) the widespread presence of existing DTH satellite
receivers across the territory, which can potentially function as rain-sensing devices, offering signif-
icant geographical coverage, especially in densely populated areas; ii) the ease of installation of new
terminals to obtain higher spatial density; and iii) the low cost of commercial-grade satellite receive
equipment.
In this work, we present a practical application of an opportunistic technique for the estimation of
rainfall intensity. It is based on signal strength measurements made by commercial-grade interac-
tive satellite terminals. By applying some processing, the rain-induced attenuation on themicrowave
downlink from the satellite is first evaluated; then the rain attenuation is mapped into a rainfall rate
estimate via a tropospheric model.
This methodology has been applied to a test area of 30x30 km2 around the city of Dortmund (North
Rhine-Westphalia, upper basin of Ermscher river), for the heavy rain event that devastated Western
Germany in July, 2021.
A spatial and temporal reconstruction of the event was obtained from a set of satellite terminals de-
ployed in the region, using a classical spatialization method, based on the inverse distance weighting
interpolation. The resulting rainfall maps were successfully compared with those provided by radar
climatology of the Deutscher Wetterdienst (DWD), the national German weather service.
Acknowledgements: This work was supported by the following projects: SCORE, funded by Eu-
ropean Commission’s Horizon 2020 research and innovation programme under grant agreement
no. 101003534; Space It Up, funded by the ASI, the MUR –Contract no. 2024- 5-E.0 - CUP no.
I53D24000060005; FoReLab (Departments of Excellence), funded by the ItalianMinistry of Education
and Research (MUR); COST Action CA20136 OPENSENSE, funded by COST (European Cooperation
in Science and Technology).
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High-resolution rainfall data, in both space and time, is essential for a number of life sustaining
(hydrological) applications, ranging from flood early warning to (small-holder) agricultural services.
Interpolated rainfall maps based on path-averaged rainfall estimates from Commercial Microwave
Links (CMLs) present a viable alternative for near-surface high-resolution gridded rainfall data in
regions where weather radars are typically not present or not operational, most notably large parts
of Africa.
Recent projects in Burkina Faso, Ghana and Rwanda, in addition to multiple proof of concepts in dif-
ferent African countries (Burkina Faso, Cameroon, Kenya, Niger and Zambia) over the past decade,
show the added value of CML based rainfall retrievals is increasingly being recognized across the
African continent. One of the major challenges in applying this technique over Africa, however,
is the lack of adequate near-surface reference data from either rain gauges or weather radars. Al-
though satellite rainfall products are generally available, their temporal or spatial resolution is often
too coarse, and their accuracy can be low over the tropics.
In this study we use several months of CML data from a dense network in Nigeria consisting of
more than 12,000 links, predominantly over four heavily urbanized areas, to estimate near-surface
rainfall rates. The 15-minute minimum and maximum received signal levels, obtained from the net-
work management system of one of the mobile network operators in Nigeria, are used to estimate
the path-averaged rainfall intensities. As a point reference we use data from the few available rain
gauges. Additionally, we compare interpolated rainfall maps from CMLs to available gridded (satel-
lite) rainfall products on a seasonal basis. In doing so, our aim is to exploit this large CML network
to quantify the uncertainty range in rainfall estimates amongst the CMLs themselves, and assess the
effect of interpolating path-averaged rainfall intensities from such a dense network with many short
links. We also show the locally added value for urban water management applications by using the
CMLs to highlight the rainfall variability within a satellite rainfall product pixel.
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Commercial microwave links (CMLs) have recently shown great potential in urban drainage mod-
elling due to their ability to provide rainfall-runoff dynamics. Previous studies typically used mecha-
nistic hydrodynamicmodels driven by quantitative precipitation estimates (QPEs) derived fromCML
attenuation data. Naturally, some errors are introduced, primarily related to CML rainfall retrieval
model, including uncertainties in wet antenna attention correction, as well as errors originated from
path-averaged character of CML QPEs. These processing steps not only generate some new uncer-
tainties but also result in a loss of valuable information contained in raw data. Besides, mechanistic
models require high-quality pre-processed input rainfall data, which adds complexity to the applica-
tion.
We address these issues by employing raw CML attenuation data without QPE derivation using data-
driven rainfall-runoff models in the overall Prague catchment, where runoff is influenced by both
rainfall and residential water use. We find that: (1) RawCML attenuation data can be effectively used
to obtain the discharges despite the additional influence of household water consumption, achieving
NSE >0.7 and PCC> 0.85 over all sub-catchments. (2) Compared with rain-gauge data as inputs, CML
attenuation data outperforms in heavy and long-period rain events (e.g. reducing RMSE by 17% and
increasing PCC by 18% respectively). (3) CML performs better in sub-catchments A and F, where
CMLs are densely distributed, and rainfall is highly concentrated within the catchment. However, its
performance in sub-catchment K is poorer, likely due to its larger area, sparser CML coverage, and
longer rainfall-runoff concentration time. Additionally, the influence of non-rainfall-related flows
becomes more pronounced, potentially reducing the predictive advantage of CML. (4) Models using
CML data as input enable runoff prediction beyond the catchment’s rainfall-runoff lag time, whereas
models with rain gauge data deteriorate quickly. CML-based hydrological modelling is effective in
purely rainfall-driven urban basins and adaptable to more complex systems influenced by human ac-
tivities. This research underscores CML’s potential as a robust alternative to traditional rain gauges,
particularly for improving real-time runoff predictions in data-scarce urban environments.
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Accurate spatio-temporal representation of rainfall is essential for hydrological (i.e., rainfall-runof)
modelling, and for the later applications of hydrological models. Rainfall data are usually obtained
from official raingauge networks; however, these networks are often sparce and/or even with de-
clining number of stations. To improve spatio-temporal representation of rainfall, various oppor-
tunistic sensors have been considered, including commercial microwave links (CML). CML-based
rainfall data have been used for hydrological modelling in small urban catchments for years, but
their applications in large catchments is lagging behind. Development of hydrological models in
large catchments requires long rainfall series, which is not the case when it comes to CML datasets.
Thus, a thorough evaluation of hydrological model transferability across different rainfall inputs
is essential for wider application of the CML data. In this study, a semi-distributed hydrological
model developed for the peri-urban Lambro catchment in Northen Italy (Cazzaniga et al., 2022;
doi: https://doi.org/10.5194/hess-26-2093-2022) is evaluated from the standpoint of its transferabil-
ity across the rainfall inputs. To this end, the model is run with conventional input obtained from
the raingauge network (RG), from the CML-based rainfall, and combination thereof (CML-RG). The
model performance is evaluated over 12 flood events, four of which are low-rate events (maximum
rain intensity below 15 mm/h), while maximum rainfall intensity exceeds 35 mm/h during four most
extreme ones. Themodel performance significantly varies across the events. Although the RGmodel
yields the highest performance in most instances, it is outperformed by the model forced with CML-
and/or CML-RG data during the three most extreme events. There is no strong correlation between
the peak rainfall intensity and model performance; however, the RG model outperforms the CML-
and CML-RG models over the low-intensity events. The CML model is outperformed by the CML-
RG and, especially, RG model according to Nash-Sutcliffe efficiency, relative error in peak flows and
in runoff volume, however, CML model performs best in most cases according to the coefficient of
determination, which suggests that this rainfall input best captures rainfall dynamics. This study
clearly indicates a great potential of CML to improve hydrological model performance in high-flow
range. It also suggests that further research is needed to reduce biases in rain depth estimation at
a sub-catchment level. Further research is also needed to enable optimal combination of different
rainfall inputs to hydrological model, as well as to improve spatial discretisation of hydrological
models to better accommodate “linear”CML rainfall data.
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An increasing number of personal weather stations (PWSs) is installed by citizens, resulting in a large
amount of real-time available precipitation data. This study assesses the applicability of these data
for flood forecasting. We focussed on 30 catchments (total area 2474 km2) located in themanagement
area of Water Board Rijn and IJssel, a water authority in the Netherlands which actually uses PWS
data as input for their operational flood forecasting system.

We compared rainfall from a network of Netatmo PWSs (after applying a quality filter) and the
real-time radar product from the KNMI (Royal Netherlands Meteorological Institute). Next, we used
both products as input for the rainfall-runoffmodelWALRUS and compared the simulated discharges.
These two datasets with almost no latency were validated with the final reanalysis KNMI radar prod-
uct and discharge observations, for a full year (2023), using the Kling–Gupta efficiency (KGE).

For precipitation the KGE was higher for the real-time radar (0.80 for the entire area) than for the
PWSs (0.68). For discharge simulations the KGE was lower for the real-time radar (median of the
subcatchments: 0.46) than for the PWSs (0.70). This contrasting result can be explained by the
bias, which was higher for the real-time radar than for the PWSs, and is amplified in the discharge
simulations due to the memory in the hydrological system.

During ten selected high discharge events, the simulations with real-time radar approached the
observations more closely than with the PWSs. The results indicate a potential of these devices
to be used in hydrological applications, especially when initial hydrological model conditions are
improved with data assimilation in operational flood forecasting systems.
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Accurate and continuous monitoring of precipitation and extreme weather events, such as heavy
rainfall and flooding, is essential for mitigating their devastating impacts on both natural and built
environments. The increasing frequency and intensity of such hydrometeorological events, exacer-
bated by climate change, necessitate the development of innovative and cost-effective observational
methodologies to complement traditional ground-based measurement networks. Opportunistic sen-
sors (OS), which leverage existing infrastructure for environmental monitoring, provide a valuable
alternative for enhancing spatial and temporal precipitation assessments, particularly in regionswith
limited meteorological instrumentation. Cellular microwave links (CMLs), a prominent example of
OS, offer an extensive and high-resolution dataset for rainfall estimation, making them particularly
useful in diverse climatic regions such as Israel, which spans from hyper-arid zones in the south to
temperate conditions in the north.

In this study, we will present ISRaCML dataset which includes frequencies ranging (17 - 23GHz) K-
Band, path lengths varying (0.5 - 16km), presenting observations from CMLs deployed across Israel,
sourced from a number of telecommunications providers, Cellcom, Pelephone and Orange, over the
period of January 1, 2017, to August 31, 2017. The dataset is structured to include multiple temporal
resolutions: 15-minute and 24-hour instantaneous values, min-max aggregates for 15-minute and
24-hour intervals, and min-max aggregates for 7-day 24-hour periods. Additionally, it integrates
ground-based precipitation measurements from 85 rain gauges maintained by the Israel Meteorolog-
ical Service (IMS), thereby furnishing a complementary dataset for validation and cross-referencing.
This dataset constitutes a critical resource for enhancing precipitation retrieval algorithms, as it con-
sists of, for the first time, CMLmeasurements with different protocols by different network operators
within the same time frame and area.
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We introduce OpenMesh, a publicly available dataset of wireless links designed for high-resolution
weather monitoring in dense urban environments. Collected from NYC Mesh—an initiative pri-
marily aimed at providing affordable internet access—this dataset demonstrates how opportunistic
usage can transform existing communication infrastructure into a platform for real-time meteoro-
logical observation.

Spanning eight months (November 2023–June 2024), the dataset includes measurements from 100
directional wireless links sampled at 1-minute intervals. These links operate across both lower (~5–
6GHz) and higher V-band (40–70 GHz) channels. While higher frequencies undergo substantial
atmospheric attenuation—especially during precipitation—this challenge doubles as an opportunity
for real-time, localized weather sensing within mesh networks.

Centered on LowerManhattan and Brooklyn inNewYorkCity, our dataset also incorporates regional
meteorological records for validation, enhancing the evaluation process and advancing research in
wireless-based atmospheric sensing. Aligned with ongoing efforts in opportunistic weather data,
OpenMesh adheres to established environmental monitoring standards. By openly sharing these
data, we invite further research and encourage practical applications leveraging 5G/6G capabilities
for resilient, real-time urban-scale sensing—ultimately guiding next-generation networks (NGNs)
toward more sustainable solutions.
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Measuring natural phenomena through opportunistic sensing is crucial for maximizing the use of
existing data for research and weather warning systems. This research is an addition to existing
work that has been done connecting CML information with rainfield monitoring.
by integrating this signal attenuation-based rain estimation with graph signal processing techniques
we can gain better rainfield monitoring and extract natural phenomena from anomalies in the graph.
In this approach, graph vertices represent receiver (RX) measurements positioned at the midpoint of
CML, functioning as single-point rain sensors. The edges and weights of the graph are determined
by geographic proximity and correlation relations, establishing strong relationships between nearby
and similar nodes.

By applying graph signal processing, this research aims to:
1. Detect anomalies in the graph, where anomalous links may indicate regions with heavy rainfall
potential that could lead to floods (extract natural phenomenon).
2. Improve rainfield monitoring from the graph connectivity and build better interpolation.
3. Clustering the graph into meaningful categories:
3a. Differentiating rain intensity levels.
3b. Distinguishing between urban and rural rainfall characteristics.
4. Optimize computational efficiency, selectively utilizing only the most relevant CML to reduce
power consumption and filter out redundant information.

This methodology has the potential to enhance existing rainfield monitoring based on CML infor-
mation.
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Changes in communication signals due to weather conditions are often misclassified as faults, mak-
ing it challenging to differentiate between meteorological effects and actual network malfunctions,
such as physical obstructions (e.g., new construction blocking the signal path) or hardware fail-
ures. In this work, we propose an unsupervised learning framework for fault detection and classi-
fication in commercial microwave links (CMLs), distinguishing between weather-related and non-
weather faults. Our approach is based on an autoencoder (AE) trained on mixed data to establish a
reconstruction-based threshold for identifying potential fault regions. We then extract features from
the encoder’s latent space and combine them with domain-specific spatial and temporal features to
enhance characterization. These enriched representations are clustered to capture both localized and
regional fault patterns, allowing us to differentiate between faults caused by meteorological events
—such as precipitation affecting multiple links simultaneously—and those resulting from structural
or equipment-related issues. Beyond improving fault classification accuracy, our method enables op-
portunistic sensing of weather-induced signal variations, offering a valuable tool for both network
maintenance and meteorological monitoring.
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Accurate rainfall estimation using commercial microwave links (CMLs) is set back by wet antenna
attenuation (WAA), which could lead to overestimation of rainfall intensity when not properly ac-
counted. This study introduces a novel framework forminimizingWAA effects through an optimized
calibration approach. The proposed methodological framework utilizes an effective distance metric
to associate CML data with rain gauge (RG) assessment, integrating a weighted calibration process
that gives more importance to high-intensity rainfall events. As a preliminary step, a comparative
assessment of several existingWAAmodels - including Schleiss, Rieckermann, and Berne (SRB), Lei-
jnse, Uijlenhoet, and Stricker (LUS), Kharadly and Ross (KR), Garcia-Rubia, Riera, Benarroch, and
Garcia-del-Pino (GRBG), and Valtr, Fencl, and Bareš (VFB) was carried out. Most of the models that
predict WAA from rainfall intensity, attenuation or rainfall attenuation are basically equivalent. The
WAA compensation process was applied to data from 77 CMLs in the Seveso River basin (Northern
Italy) across different types of rain events in 2019-2020. A modified version of VFB model (VGBm –
calibrated VFB model), showcases analytically better performance across various CML lengths, fre-
quencies, and rainfall intensities. In particular, VFBm model leads to much better results than SRB
(a commonly used model that predicts a saturation ofWAA to a relatively small 2.3 dB value) over all
the relevant key performance indicators. These findings highlight that correcting WAA is important
for accurate rainfall intensity estimates from CML data and emphasize the need to adjust the WAA
models to local conditions for improved hydro-meteorological applications.
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The focus of working group 2 of OPENSENSE is on method and software homogenisation. We have
reviewed the existing software available for processing opportunistic rainfall sensor data and did
provide example applications executable online in the so called OPENSENSE software sandbox. There
we have identified synergies but also implementation gaps. Based on this we have set a roadmap
for developing individual new software packages to create an ecosystem of packages that work well
together.

The foundation of our software ecosystem is the package poligrain which provides commonly used
functionalities for loading data, plotting maps, comparing sensor data and for doing validation. All
this is done with a focus on data provided on a grid, as point data, but also for line geometries. On top
of poligrain, individual packages for processing data are being built. The existing CML processing
package pycomlink was adapted to fit into this ecosystem and two new packages were created. The
new package pypwsqc provides sophisticated methods for quality control of PWS data. The new
package mergeplg provides different methods for merging point, line and grid data with a focus on
merging weather radar and CML data.

In this contribution we will given an overview of this software ecosystem and briefly present the
individual packages.
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To enhance meteorological data collection and nowcasting capabilities, the Royal Meteorological
Institute (RMI) of Belgium integrated a citizen observation feature into its smartphone app in August
2019. This initiative has since accumulated over 3.3 million observations, including 56,000 user-
submitted photos, significantly enriching RMI’s meteorological datasets.

While the majority of user reports capture more general weather conditions such as sunny, over-
cast skies, or rain, the most valuable contributions focus on key weather phenomena like snow, hail,
thunderstorms, and road conditions, providing real-time, localized insights. Each observation un-
dergoes a plausibility check based on timestamp, location, and content, ensuring data reliability. A
user reputation system further refines data quality, with 78% of users maintaining a reputation score
of 90 or higher on a scale of 0 to 100.

This dataset has proven valuable for multiple applications at RMI, including the validation of weather
radar estimates for hail detection, improving snow height model forecasts, and enhancing crisis re-
sponse mechanisms. Specifically, citizen observations have been leveraged by regional hydrological
and road management authorities for real-time flood monitoring and hazardous road condition as-
sessments, respectively.

The integration of citizen observations into meteorological workflows marks a significant advance-
ment in data collection, bridging gaps in traditional sensor networks and enabling better forecasting
models. As the RMI continues to refine its methodologies, this approach holds promise for expanding
the role of crowdsourced meteorological data across Europe.
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There are a wide variety of opportunistic weather sensor networks, ranging from academic con-
trolled to open source and commercial but individually owned and controlled personal weather sta-
tions. Individual participation to these networks through measurement and data sharing is a well-
known method of engagement, sometimes referred to as citizen science. In addition to top-down
measurement projects, there are several community-created and organised sensing efforts. Less well
known, compared to citizen science efforts, is how grassroots or self-directed citizen scientists create
measurement software and environmental data pools.

In this talk, we present a multiple case study of how volunteers have created a bottom-up environ-
mental sensing software project with associated hardware, with case analysis based on several years
of interviews and qualitative data collection. We apply the theory of open-source microeconomics
by Jullien et al. and the lens of the commons by Ostrom et al., complemented by the concept of civic
coding by Knutas et al. and the palette of participation to digital citizen science by Palacin.

The main contribution of the study, as presented in this talk, is an organisational growth model
adapted for community environmental software projects with pitfalls that efforts must avoid during
critical junctures, recommendations for setting up community sensing projects, and finally a dis-
cussion of how these findings could be used for community engagement in opportunistic weather
sensing networks.
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Opportunistic rainfall data collected through satellite microwave links (SML), such as the ones pro-
viding TV-SAT signals from Ku-band geostationary satellites, have the potential to complement
conventional sensors, due to their flexibility and the relatively low-cost of the receiving equipment.
However, opportunistic data must be properly processed and validated against ground truth. To
this aim, the availability of large datasets of such data is crucial. This contribution presents an open
SML dataset, courteously provided by the French company HD Rain, including 215 SMLs deployed
in Southeastern France. The raw data are the received signal level (RSL) by each sensor expressed
in dBm units and they cover a five month observation period from August to December 2022. Con-
current rain gauge and radar data from the Meteo-France operational network are provided as well.
The radar data are aggregated in such a way that they spatially fit SML rainfall estimates, i.e. spatial
averages across the propagation path. SML data provide indirect rainfall measurements based on
the decrease of the RSL produced by raindrops falling across the path. As rain covers only a small
fraction of the entire path from the satellite to ground, the height above ground where ice particles
have melted into raindrops is a crucial input to derive rainfall estimates from SML data. Rain height
data are supplied as well and a few techniques to derive this quantity are discussed.
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An important step in deriving precipitation estimates from commercial microwave links (CMLs)
involves separating the attenuation caused by rainfall from the baseline attenuation and wet antenna
attenuation (WAA). The baseline is usually estimated from the signal loss preceding a rainfall event,
making the baseline sensitive to the estimated starting time for rainfall events. A rainfall event can
either be detected by using external data, such as a weather radar, or by analysing the CML data
itself. However, different rainfall detection methods capture different aspects of the rainfall event,
causing different event timing and thus baseline estimates. Also, as the WAA model is typically
estimated by calibrating it to nearby rain gauges, the estimated WAA models might overfit the data,
leading to less generalizable baseline-WAA model combinations.

In this work, we explore different rainfall detection models combined with different WAA models.
The models are trained and tested using data from CMLs and nearby rain gauges from Norway,
Germany, Sweden and Italy. The results show that some baseline-WAA method combinations lead
to better precipitation estimates when tested using cross-validation.

Page 36



OpenSense 1st International Conference, Offenbach, June 25-26, 2025. / Book of Abstracts

BeyondCellularNetworks: Rainfall EstimationUsing Low-Frequency
and Short-Distance Commercial Microwave Links
Authors: Jan Hajna1; Lukáš Kaleta1; Matěj Ištvánek1; Miroslav Babeľa1; Petr Mlýnek1; Petr Musil1; Štěpán Mik-
lánek1

1 Brno University of Technology

CorrespondingAuthors: xhejna02@vut.cz, matej.istvanek@vut.cz, xbabel02@vut.cz, musilp@vutbr.cz, stepan.miklanek@vut.cz,
xkalte07@vut.cz, mlynek@vut.cz

Commercial Microwave Links (CMLs) have emerged as a promising tool for opportunistic sensing,
particularly for rainfall estimation. However, most studies have focused on high-frequency cellular
network links, leaving a gap in understanding the viability of CMLs operating at lower frequencies
(10 GHz –15 GHz) and over shorter distances (≤2 km). In this study, we analyze data from a private
CML distributor and investigate the challenges and limitations that arise in this context.

The data from low-frequency and short-distance links present unique obstacles during preprocess-
ing. Our dataset is influenced by a variety of environmental and infrastructural factors that intro-
duce inconsistencies. Standard methods of opportunistic sensing, which usually rely on established
models of attenuation and signal fluctuations, often fail due to the increased susceptibility to non-
meteorological signal variations. In our study, we critically examine the nature of the data and
assess the suitability of wet/dry classification and rain estimation methods at the lower limits of
sensitivity.

We present an overview of the key challenges encountered during preprocessing, including baseline
estimation and uptime utilization. Furthermore, we evaluate the performance of existing oppor-
tunistic sensing methods on this dataset, demonstrating their limitations and the need for novel
approaches tailored to these conditions. Our preliminary findings underscore the importance of
refining preprocessing techniques and developing new analytical frameworks to enhance the relia-
bility of rainfall estimation from such data.

This extended abstract outlines our ongoing work and emphasizes the significance of addressing the
challenges posed by non-traditional CML datasets. By improving the robustness of data preprocess-
ing and refining methodologies for rain estimation, we aim to expand the applicability of CML-based
precipitation monitoring beyond conventional cellular infrastructure. Future work will explore ma-
chine learning-based approaches to enhance the accuracy of rain rate retrieval and wet/dry classifi-
cation from low-frequency, short-distance CMLs.
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Compared to conventional methods, Commercial Microwave Links (CMLs) offer great spatial and
temporal resolution, making them a viable opportunistic sensing technology for precipitation as-
sessment. However, noise, ambiguity, and non-linear connections between signal attenuation and
rainfall intensity make it difficult to reliably estimate precipitation using CML-derived attenuation
data. In this work, we use the OpenMRG dataset, which contains metadata like frequency, link
length, and polarization combined with CML-derived signal attenuation data, to investigate the po-
tential of deep learning (DL) techniques to enhance precipitation estimations.

We assess the performance of various deep learning and machine learning models, such as Ran-
dom Forest, Quantum Machine Learning (QML), Long Short-Term Memory (LSTM) networks, and
Support Vector Regression (SVR). Our findings show that LSTM networks outperform conventional
techniques like Random Forest (MAE: 0.530, R2: 0.026) with a Mean Absolute Error (MAE) of 0.529
and an R2 score of 0.074, capturing temporal correlations in the data. Additionally, we investigate
the use of quantum-inspired models, demonstrating the potential of hybrid quantum-classical tech-
niques for this job with an MAE of 0.507 and an R2 score of 0.125.

We suggest a novel deep learning framework that combines feature engineering, hyperparameter
optimization, and ensemble techniques in order to overcome the shortcomings of current models.
According to preliminary tests using polynomial features and sophisticated models like as XGBoost
and SVR, performance can be further improved by meticulous preprocessing and model modifica-
tion. According to our research, precipitation estimations obtained from CML data can be made
much more accurate and reliable by using deep learning, especially LSTM and hybrid quantummod-
els.

By showcasing the efficiency of DL approaches for processing CML data, this work adds to the
expanding corpus of research on opportunistic sensing. We also highlight the possibilities for com-
bining CML-derived precipitation estimates with conventional remote sensing techniques like radar
and satellite data, and we talk about the implications of our findings for operational applications
like nowcasting and hydrological modeling. In order to promote the use of CMLs for real-time, high-
resolution precipitation monitoring, this work attempts to close the gap between data collection and
useful insights.
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Accurate precipitation estimation is essential for hydrology, meteorology, and climate studies. Tra-
ditional methods rely on rain gauges, weather radars, and satellite observations, each with inherent
limitations. Opportunistic sensing through Commercial Microwave Links (CML) offers a promising
complementary data source, especially in regions with sparse conventional observations. This work
explores the use of Graph Neural Networks (GNNs) for fusing precipitation data from radars, rain
gauges, and CML to improve rainfall estimation.
We propose a novel GNN-based approach that models the spatial and temporal dependencies among
different sensing sources. By representing the measurement network as a graph, GNNs can ef-
fectively learn relationships between nodes and edges. The model is trained and evaluated using
real-world precipitation datasets. Its performance is compared with other deep learning techniques,
including Convolutional Neural Networks (CNNs) and Recurrent Neural Networks (RNNs), in terms
of accuracy and robustness to missing or noisy data.
Initial results suggest that GNNs outperform conventional deep learning models by better capturing
spatial correlations and leveraging the irregular distribution of sensing nodes. This study highlights
the potential of GNNs for multi-source data fusion in precipitation estimation, paving the way for
improved rainfall monitoring using opportunistic sensing.
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The high network density of personal weather stations (PWSs), often exceeding that of official
weather stations from national meteorological agencies, offers a large potential to improve precip-
itation estimates. Another advantage is that PWSs have a high temporal resolution (∼5~min), are
available in (near) real-time and can potentially be used for now-casting, flood forecasting or early
warning system. For such purposes the latency and quality of the data are important aspects to
consider.
We explored the real-time potential of rainfall data from PWSs from the private company Netatmo,
which can be accessed via an application programming interface (API). We analysed the real-time
accessibility and latency of the data and developed concepts of how existing quality control algo-
rithms can be applied in the context of real-time applications. First results of these analyses and a
road map for implementing this as a software package are presented.
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We present a dataset of commercial microwave link (CML) received signal levels for the Netherlands.
This can be used to estimate path-average rainfall between telephone towers. It contains microwave
frequency, end date & time of reading, minimum & maximum received power, path length, coor-
dinates, link identifier, errored seconds, and severely errored seconds. The dataset consists of on
average 3070 sub-links over 1818 unique link paths covering the Netherlands, having a temporal
resolution of 15 min. The dataset spans the period 13 January 2011 up to and including 15 March
2015, although data gaps exist. It contains part of the network from one of the three mobile network
operators in the Netherlands during this 4-year period. The data have been provided by the mobile
network operator (MNO) T-Mobile NL (since 5 September 2023 called Odido). Note that the trans-
mitted signal levels were not available and are nearly constant. No adaptive power control (ADPC)
was used.

The following characteristics of the dataset are presented: 1) timeseries of number of sub-links and
link paths as a function of time; 2) a scatter density plot of microwave frequency versus link length;
3) map of the Netherlands with the CML locations and their availability per year; 4) an example of the
application of the dataset: a 3-month rainfall map based on merged radar and CML accumulations,
which is compared to two gauge-adjusted radar rainfall maps.

We hope that this CML dataset will contribute to the OpenSense goal of comparing the performance
of CML rainfall retrieval algorithms on common datasets andwill lead to improved algorithms. More-
over, a publicly available reference dataset of gauge-adjusted radar rainfall accumulations is available
covering the same period and area.

Overeem, A., Walraven, B., Leijnse, H. (H., & Uijlenhoet, R. (2024). Four-year commercial microwave
link dataset for theNetherlands (Version 1) [Data set]. 4TU.ResearchData. https://doi.org/10.4121/BE252844-
B672-471E-8D69-27269A862EC1.V1
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The use of so-called opportunistic rainfall sensors like Personal Weather Stations (PWS) and Com-
mercial Microwave Links has gained much attention over the recent year, as they clearly outnumber
professional rain gauges which are operated by national weather services and other. However, the
data quality of such sensors is typically low and thus their information cannot be used without
thorough quality control. Various quality control algorithms for PWS rainfall data have been de-
veloped and published within the EU COST Action CA 20136 “Opportunistic Precipitation Sensing
Network” (OPENSENSE) in the past years and are available on OPENSENSE’s GitHub (El Hachem
et al. 2024).

These QC algorithms are now available in a Python package. The new functionalities of these QC
filters include (1) an improved indicator correlation filter which was originally developed by Bár-
dossy et al. (2019) which now provides a skill score for the accepted PWS to assess quality of the
indicator correlation with neighbouring references, (2) an algorithm to correct rainfall peaks in PWS
data which may be caused by connection interruptions between the rain gauge and the base station
and (3) a Python implementation of the QC algorithms for identifying faulty zeroes, high influxes
and station outliers originally developed in R by de Vos et al. (2019).

These new functionalities are implemented in the ‘pypwsqc’Python package (https://zenodo.org/records/14177798)
which is currently under development in the OPENSENSE COST Action. In this contribution we
present the new features and guidelines for usage.

Bárdossy, A., Seidel, J., and El Hachem, A. (2021), The use of personal weather station observations
to improve precipitation estimation and interpolation. Hydrol. Earth Syst. Sci., 25, 583–601.
El Hachem, A., Seidel, J., O’Hara, T., Villalobos Herrera, R., Overeem, A., Uijlenhoet, R., Bárdossy, A.,
and deVos, L.W (2024), Technical note: A guide to using three open-source quality control algorithms
for rainfall data from personal weather stations, Hydrol. Earth Syst. Sci., 28, 4715–4731.
de Vos, L.W., Leijnse, H.,Overeem, A., and Uijlenhoet, R. (2019), Quality control for crowdsourced
personal weather stations to enable operational rainfall monitoring. Geophysical Research Letters,
46, 8820–8829.

/
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This work explores the phenomenon of periodicity (usually at 24-hour periods) in the received signal
level observed in Commercial Microwave Links. We will present an overview based on several ob-
servations from different locations around the world (mainly in Germany, Israel, Sweden, and Italy)
and from different sources (cellular backhaul commercial microwave links and smart-city wireless
network of mm-wave links) which are collecting data with different characteristics (e.g. sampling
methods like instantaneous and min/max samples at different sampling rates, using different quanti-
zation levels). We will share insights on how atmospheric factors (e.g., weather) as well as hardware
characteristics might play a role in these signal fluctuations, relating to previously reported stud-
ies.

Preliminary results suggest that fluctuations during the daily cycle can reach a few decibels at a
number of locations, regardless of whether or not precipitation is present.
Despite the obvious correlation with a number of daily phenomena such as temperature, air pressure,
and absolute humidity, the exact causes are still not fully understood, as correlation does not mean
causation.

We will present key observations and show that, while a daily cycle in atmospheric conditions seems
to match the pattern of signal loss, there is not yet a definitive cause-and-effect pattern for why this
happens. Understanding this phenomenon is important both from an opportunistic sensing point of
view and from a practical point of view. On the opportunistic sensing side, a better understanding
of how atmospheric changes affect wireless signals could help fill in the gaps in current theories and
allow for more accurate opportunistic weather sensing. In practice, better insight into these effects
could help communication service providers design more reliable networks.
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Accurate and timely precipitation forecasts are crucial for flood early warnings and mitigating other
rainfall-induced natural hazards like landslides. For forecasts up to three hours ahead, rainfall now-
casts are increasingly being used. Generally, these nowcasts statistically extrapolate real-time re-
motely sensed quantitative precipitation estimates, often based on weather radars. However, the
global distribution of high-resolution (gauge-adjusted, ground-based) weather radar products is
heavily skewed, largely favoring Europe, Northern America, and parts of East Asia. In many low-
and middle-income countries, predominantly located in the tropics, weather radars are largely un-
available due to high installation and maintenance costs, and rain gauges are often scarce, poorly
maintained, or not available in (near) real-time.

A viable and ‘opportunistic’source of high-resolution space-time rainfall estimates is based on the
rain-induced signal attenuation experienced by commercial microwave links (CMLs) in cellular com-
munication networks. Based on received signal power levels, path-averaged rainfall intensities can
be estimated, and then interpolated to produce high-resolution rainfall maps.

In this study, we delve into the opportunities and constraints that arise when using these rainfall
maps as only input source of rainfall information in a nowcasting algorithm. Our aim is to emulate
an operational setting and as such assess the feasibility and give insights into where, when and how
CML-based rainfall estimates can be used for nowcasting in Sri Lanka.

We use 12 months of data from 2019 and 2020 from a Sri Lankan CML network that predominantly
covers the northern half of the country, we create spatial rainfall fields at 15-minute intervals. Us-
ing the nowcasting algorithm pySTEPS, probabilistic nowcasts are created for leadtimes up to three
hours for events with different durations ranging from 1 to 24 hours. The nowcasts (QPF) are evalu-
ated against the CML rainfall fields (QPE) at the catchment scale. The performance of the nowcast is
analyzed with regards to the catchment size, and the varying CML coverage and density per catch-
ment. The results are further analyzed by season to determine the potential influence of rainfall
intensity and dominant wind direction on the nowcasts accuracy. Hourly rain gauges, where avail-
able, are used as an independent (point) reference source of rainfall information.

With this novel application of CML-derived rainfall fields, essentially providing a ‘weather radar’
in the tropics, we identify the major sources of uncertainty in the nowcasts and highlight the po-
tential impact of relying solely on CMLs for operational early warning services in regions that lack
dedicated rainfall sensors.
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Nowcasting and understanding of locally evolving severe weather events is a demanding task that
requires the combined investigation of different type (both ground- and space-based) of datasets.
Atmospheric water vapor (WV) which is the most abundant greenhouse gas (accounting for ~70%
of global warming) comprises a significant energy source which generates severe weather and cli-
mate phenomena. GNSS (Global Navigation Satellite System) WV has been proved a valuable data
source for high-resolution limited area Numerical Weather Prediction (NWP) models. The rapid
spatiotemporal variations of WV in the low atmosphere poses one of the main challenges to NWP
models forecasting accuracy. Abrupt increase of WV several hours before extreme rainfall has been
temporally correlated with rainfall in various studies, followed by a decrease after the event. Other
studies have investigated the joint effect of GNSS-WV and atmospheric pressure on extreme rain-
fall. Though many studies have evidenced ongoing accumulation of WV before the heavy rainfall,
there is still a great difficult to determine a tight relationship between rainfall and WV, that could
be reproduced by a plain, physically motivated two-layer nowcasting model.
Lately, Commercial Microwave Links (CML), globally used in cellular telecommunication networks
of base stations, are exploited as opportunistic sensors to estimate the average rainfall intensity along
the radio path and to reconstruct rainfall maps over a region. Rainfall measured by the CML network
has a vast application prospect in both densely populated and remote mountainous regions. Over
tropical regions, such as Sri Lanka, the spatial comparison of CMLs with the high-quality satellite
product GPM (global precipitation measurement) and with conventional rain gauge data confirmed
the potential of CMLs to provide detailed monitoring of heavy rainfall events. The advantage of both
the GNSS and CML opportunistic sensors networks is their high spatial and temporal resolutions.
In this context, the present study attempts a first comparison of GNSS tropospheric products (Pre-
cipitable Water Vapor) with the respective CML-derived rainfall measurements with the ultimate
aim to investigate the possible correlation between WV and heavy rainfall, during selected extreme
precipitation events occurring at the period June 2019 –June 2020 over the Lombardy region in North-
ern Italy. To achieve this, we will exploit CML network, owned by Vodafone Italia S.p.A., ground-
based GNSS receivers network owned by GReD srl, as well as meteorological observations avail-
able through the Lombardy-based Advanced Meteorological Predictions and Observations (LAMPO)
project.
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TheRoyal NetherlandsMeteorological Institute (KNMI) produces a publicly available real-time gauge-
adjusted radar precipitation product of 5-min accumulations on a 1-km grid covering 450000 squared
kilometres of northwestern Europe every 5 min. It is employed for various applications, including
nowcasting. The quality of the product has been much improved since 31 January 2023. The em-
ployed radar and rain gauge dataset are described, as well as the applied algorithms, such as (po-
larimetric) fuzzy logic clutter removal and the gauge adjustment method. The performance of the
product to estimate precipitation is assessed for the last year of the old and the first year of the re-
newed radar product. Non-meteorological echoes are much less of an issue for the renewed product.
Moreover, comparison against independent rain gauge accumulations shows that underestimation
decreases by about ten percentage points to 15% for the land surface of the Netherlands. Extremes
are better captured. A spatial evaluation over the entire domain generally reveals improvements in
precipitation estimates. Current and upcoming developments are presented.

Here, the processing chain of the product and the product quality without employing opportunistic
sensing data are explained. The evaluation also shows the limitations of the product. The prod-
uct could be improved by employing crowdsourced rain gauge data, which is the topic of another
presentation, that does not provide all the details on the processing chain.

The radar dataset is available at https://doi.org/10.21944/5c23-p429 (real-time) & https://doi.org/10.21944/e7zx-
8a17 (archive).
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In September 2024, a very heavy and severe flood took place in the Upper and Middle Oder River
basin - a mountainous area in southwestern Poland. The widespread rainfall lasted for about four
days, reaching daily totals over 200 mm in some areas. Due to the necessity for real-time precip-
itation and runoff forecasts and subsequent analyses, an important issue is how precisely we can
measure and estimate precipitation with high temporal and spatial resolution over an orographi-
cally diverse area. To answer this question, different measurement techniques were analysed: from
rain gauges, weather radar-based, satellite-based, CML-based (non-conventional, currently tested at
IMGW for their usefulness in real-time operational applications), and mesoscale numerical model
simulations. Both data available in real and near real time, as well as reanalyses available later, were
analysed. Various reanalyses based on satellite data (IMERG Final, PDIR-Now) and mesoscale sim-
ulations of ERA5 and WRF models were also examined. Data from manual rain gauges (for daily
totals) and multi-source estimates (for hourly totals) were used as a reference to evaluate the results.
On this basis, the reliability of various techniques for measuring and estimating precipitation was
examined.

Page 47



OpenSense 1st International Conference, Offenbach, June 25-26, 2025. / Book of Abstracts

Commercial Microwave Link research at the Climate and Earth
Lab (Ghent University)
Author: Kwinten Van Weverberg1

1 Ghent University

Corresponding Author: kwinten.vanweverberg@ugent.be

This poster presents an overview of our ongoing and future research at the Climate and Earth Lab
(CLEAR) of Ghent University, where we leverage commercial microwave links (CML) to enhance pre-
cipitation monitoring. In Belgium, our efforts focus on the hilly terrain of southern regions, where
we aim to improve existing radar–rain gauge merged products by integrating CML data. Using dis-
drometers, we are recalibrating the relationship between signal attenuation and rainfall intensity
through detailed analyses of summer case studies. In the upcoming year, we will extend our inves-
tigations to winter conditions, exploring the synergistic use of CML and radar to identify surface
frozen precipitation, in line with the approach proposed by Oydvin et al. (2024).

Additionally, our research extends to Equatorial Africa, with a particular emphasis on Rwanda. This
region is characterized by large spatiotemporal variability in rainfall and a lack of radar observations,
factors that complicate early-warning systems for flash floods and landslides and complicate the eval-
uation of high-resolution weather and climate models. Through the recently started Sensor² project
(Supporting Early-warning systems and Nature-based Solutions using Opportunistic Rainfall moni-
toring in Rwanda), we will seek to enhance rainfall monitoring by integrating data from microwave
links, automatic rain gauges, and satellite observations. Complementing this effort, the installation
of three disdrometers in Rwanda will enable more accurate calibration of rainfall intensities, with a
focus on tropical precipitation regimes.

Overall, our research demonstrates the potential of commercial microwave links as a complementary
observational tool, promising advancements in precipitation estimation and early-warning capabil-
ities across diverse climatic regions.
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In the Lazio region, there is a dense network of 230 trustworthy rain gauges with a high temporal
resolution. In addition, data from more than 300 Netatmo Personal Weather Stations (PWS) are
available. However, since these PWS do not meet professional standards in terms of installation and
maintenance, they must first be quality controlled (QC). For this purpose, we will apply the latest
QC filters and bias corrections developed in the Opensense COST Action. After the QC, the quality
of the PWS data will be evaluated by comparing them with co-located professional rain gauges.
To assess the added value of PWS in capturing the spatial variability of rainfall (extremes) and on
precipitation interpolation, the PWS will be included in the interpolation process. For this, a copula-
based approach will be compared with conventional interpolation methods to highlight the added
value of PWS in the interpolation.
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This poster presents a first-time application of using commercial microwave links (CML) to predict
rainfall intensity and variability in Rwanda, in the framework of a research project (Sensor²) with
Ghent University, Rwanda Meteorology Agency, MTN Rwandacell and University of Rwanda. Sim-
ilar research has shown global success in generating real-time data rainfall monitoring, particularly
in areas with limited weather radar coverage. Rwanda, a country of hilly topography, located in
a tropical region where weather patterns are complex and fluctuate easily, and with high popula-
tion density and widespread mobile phone usage, could highly benefit from application of CML for
rainfall monitoring. This research will identify the limitations of using CML to predict rainfall in a
tropical region like Rwanda, with challenging meteorological conditions and a large variability in
applied microwave frequencies. We will present a first analysis of a few case studies of extreme
rainfall during the rainy season of 2025. The ultimate aim of the project is to generate calibrated,
operational, high-frequency rainfall maps in real-time. To do so, an extensive calibration will be
performed using dedicated disdrometers and automatic rain gauges. In addition, we plan to merge
the CML-derived rainfall products with the existing automatic rain gauge network and satellite in-
formation. We will also investigate alternative approaches for dry-wet period identification using
Meteosat Third Generation and optimal spatial interpolation methods. As such, this research will
improve the accuracy of rainfall monitoring and early warning systems at the Rwanda Meteorol-
ogy Agency reducing and mitigating risks associated with extreme weather events and improving
Rwanda’s disaster preparedness.

Page 50



OpenSense 1st International Conference, Offenbach, June 25-26, 2025. / Book of Abstracts

E-band rainfall observation: uncertainties in quantitative mea-
surements and long-term statistics of outages
Authors: Anna Špačková1; Martin Fencl1; Vojtěch Bareš1

1 Czech Technical University in Prague

Corresponding Authors: martin.fencl@cvut.cz, anna.spackova@cvut.cz, baresvoj@cvut.cz

The deployment of E-band CMLs in high-capacity communication networks is increasing however,
studies investigating how suitable they are for rainfall monitoring are still rare.

The analysis explores three-year long dataset from an E-band CML from the Prague network accom-
panied by five reference weather stations. The 4.5 km link, operating with two sublinks at 73.25 GHz
and 83.25 GHz, offers a low rainfall detection threshold, making it sensitive to light rainfall intensi-
ties. However, the E-band signal is particularly susceptible to heavy rainfall attenuation leading to
outages in rainfall monitoring.

The first objective of the study is to evaluate the impact of rainfall type and rainfall (non)uniformity
on the accuracy and precision of the signal attenuation and rainfall intensity relationship. The sec-
ond analysis focuses on the missing higher rainfall intensities in the observations and statistically
assesses them.

The parameter sets were optimised for power-law approximation of the relation between attenua-
tion and rainfall for convective and stratiform rainfall types (based on drop size distribution from
nearby disdrometer). While improvements in correlation and RMSE for ITU and optimised param-
eters are negligible, the bias was reduced from -0.26 to -0.06 for convective rainfalls and from -0.05
to -0.03 for stratiform rainfalls in average for both sublinks. The variability of rainfall along the link
path also influences the optimal parameter selection. For the most variable rainfalls (with CV of
reference rainfall between 0.75 and 2), the relative bias improved from -0.20 to -0.04 in average for
both sublinks.

CML outages caused by signal attenuation are clearly linked to rainfall intensity. During rainfalls
exceeding path-averaged intensity 35 mm/h the outages occur about 75 % of time. Moreover, tech-
nically no E-band CML observation is available for rainfall intensities over 55 mm/h.

The study demonstrates that the suitability of E-band CMLs for rainfall observation is not fully
explored, although these opportunistic sensors are becoming increasingly widespread. The employ-
ment of different parameter sets for different rainfall types reduces errors; however, it involves ad-
ditional information about the rainfall type. Long E-band CMLs are prone to outages due to intense
rainfall, this analysis addresses a knowledge gap regarding the distribution of outages in E-band
CML data.
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Abstract:
Accurate rainfall estimation benefits from combining various measurement methods. Commercial
Microwave Links (CMLs) provide path-averaged rainfall rates through the attenuation of emitted
radiation, offering valuable data, especially in regions lacking dedicated rainfall sensors, such as
many parts of Africa. However, processing CML data presents challenges, notably in differentiating
between wet and dry periods. Factors such as Wet Antenna Attenuation (WAA) and baseline drift
due to environmental changes make conventional methods unstable and can lead to inaccuracies in
rainfall estimates.
To address these issues, we propose integrating CML data with satellite-based cloud microphysics
products to enhance wet-dry classification. In this study, we combine a hybrid CNN-LSTM model
trained on commercial CML datawith cloudmicrophysics data from theMeteosat SecondGeneration
(MSG) Spinning Enhanced Visible and InfraRed Imager (SEVIRI), specifically the Precipitation Cloud
(PC) and Precipitation Cloud-Phase (PC-Ph) products, for rain event detection. This integration aims
to improve the accuracy of wet-dry classification in CML time series, assessing performance across
varying rainfall intensities, frequencies, and durations. Data from 3,748 CMLs in Germany and 2,889
CMLs in the Czech Republic during June 2021 are analyzed, with validation against the RADKLIM-
YW radar product.
By leveraging this hybrid approach, we anticipate improvements in dry-wet classification perfor-
mance and plan to extend the use of these products for rainfall type classification and correcting
errors related to the dependence of the attenuation-rainfall relationship on the Drop Size Distribu-
tion (DSD).

Keywords: Commercial Microwave Links, Satellite Data Integration, Rain Event Detection, Wet-Dry
Classification, Cloud Microphysics, MSG SEVIRI ,DSD , Rainfall Type
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Gothenburg City is located on the west coast of Sweden, which is the most rainy region in the
country. The city with surroundings has experienced several flood events over the years, with both
pluvial, fluvial and coastal components. In order to minimize the risk of flooding as well risks of
treatment plant overload and sewer overflow, the sewer network is equipped with a system for real-
time control (digital twin) that allows diversion of flows as the situation requires. The urban basin
feeding the central treatment plant is large and it takes up to 20 hours from rainfall at the edge of
the basin to reach the plant, therefore accurate rainfall observations are crucial for predicting the
inflow in the near future.

Currently, Gothenburg relies on one rainfall station in the national network and Xmunicipal stations
distributed over the city for rainfall observations with a high temporal resolution (1 min). This is not
sufficient for fully capturing the spatial variability of localized cloudbursts, and in order to improve
the situation different types of opportunistic rainfall observations have been investigated. Early tests
with observations from Commercial Microwave Links (CML) some 10 years ago were promising, but
it turned out difficult to set up an operational service. More recently, observations from Personal
Weather Stations (PWS) in the city have been collected and investigated.

In this presentation we will share some experiences from the collaboration between a city (Gothen-
burg) and a national service (Swedish Meteorological and Hydrological Institute), on applying op-
portunistic rainfall observations in a hydrological context. In particular, a prototype of a real-time
service delivering high-resolution rainfall based on integrated observations from official stations,
PWS and weather radar will be described. Furthermore, the extended version of the OpenMRG data
set, with open high-resolution rainfall observations from stations, CML and radar in Gothenburg,
will be presented.
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Accurate precipitation estimation relies on adjusting radar data with rain gauge measurements to
correct spatially and temporally varying errors. While official gauge networks are typically too
sparse to sufficiently capture the precipitation variability in real time, recent studies have demon-
strated the potential of using crowdsourced rain gauge data from low-cost personal weather stations
(PWSs) which provide a much higher density of observations despite some quality issues.

Here we present a methodology for merging real-time radar data with both PWSs and professional
rain gauges, explicitly considering the higher uncertainty of PWS observations. Combining crowd-
sourced data from >4000 Netatmo PWSs and 32 official KNMI automatic weather stations, we eval-
uate estimates of 1-hour and 24-hour precipitation accumulations for the period February 2023 –
January 2024 in the Netherlands against an independent set of professional rain gauge measure-
ments.

We show that including PWSs in the radar merging in addition to the official rain gauges improves
real-time precipitation estimates even when applying only a simple and quick PWS quality con-
trol. The largest improvements are obtained during heavy rainfall and for areas far from the official
stations. The benefit of including PWSs in the merging is also preserved for lower PWS densities,
making this method potentially applicable in a wide range of other locations. These findings under-
pin the value of incorporating crowdsourced data into radar products and offer a pathway for more
accurate operational precipitation monitoring.
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Landslides are rainfall induced geo-hydrological hazards that frequently occur in the mountains of
Rwanda, a densely-inhabited region of the African tropics. In May 2023 alone, a heavy rainfall event
triggered in a few hours a cluster of hundreds of landslides, which led to more than 100 fatalities
and significant economic losses in the impacted communities. Although quite common, natural
hazard disasters associated with the rapid occurrence of rainfall-triggered landslides are difficult to
predict, especially in a data-scarce context such as that of Rwanda. The lack of accurate rainfall data
plays an important role in this problematic situation, and a such prevents the issuance of timely and
contextualized early warning systems (EWS). To tackle this issue, and considering the dense network
of mobile phone antennas in Rwanda, the project entitled “Supporting Early-Warning Systems and
Nature-based Solutions using Opportunistic Rainfall monitoring in Rwanda”(SENSOR2) has been
initiated. This research, part of SENSOR2 project, aims to update the susceptibility-based hydro-
climatic landslide thresholds that have been developed over Rwanda by integrating real-time rainfall
monitoring, hydro-climatic data, and geospatial analysis. Specifically, this study will focus on the
development of empirical landslide susceptibility models using updated hydro-climatic thresholds
based on calibrated Commercial Microwave Link (CML) rainfall data from themobile phone network
of Rwanda. It is foreseen that CML-based thresholds will lead to improved landslide prediction
models and thus enhance the performance of existing EWS for effective risk communication and
preparedness for climate-induced geo-hydrological hazards in Rwanda.
Key words: Landslides, Hydro-climatic thresholds, Early Warning Systems (EWS), Commercial
Microwave Links (CML)
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