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Summary < 500 characters

This paper illustrates that in regions that suffer from lack of meteorological information, the cellular phone network can provide
rainfall measurement and mapping. This is illustrated in Niamey, the capital city of Niger using data provided by a telecom
operator during 2017, a season marked by many intense rainfall. We analyse the microwave attenuation and transform it into

rainfall maps, every 15 minutes, showing very high rainfall rates related to intense tropical convection.

Abstract. Commercial microwave links (CML) from cellular phone networks have become a source of opportunistic
information on rainfall. In this study we use a dense network of 144 CMLs over the city of Niamey, in Niger, to estimate
rainfall with a 15-minute resolution. The validation of these estimates with rain gauges shows that for links located within 2
km of a gauge the correlation of 15-minute time series is around 0.85, and the overall bias is low (0 to 10 % depending which
link length and frequencies are considered). The CMLs are well suited to detect and quantify the intense rainfall rates associated
with the mesoscale convective systems which bring most of the rain -and often floods- in the region. These good results are
obtained with a simple and easily transferable processing chain. The study confirms the interest of CMLs in otherwise data

scarce arcas.
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1. Introduction

Rainfall is one of the climate variables that impact most the environment and human activities. As the main entry to the
continental hydrological cycle, rainfall variability over space and time controls water resources and hydrometeorological risks,
floods or droughts. Accurate precipitation estimation is hence needed for research and applications, in meteorology, climate
analysis, hydrology, agriculture. However, rainfall variability makes its measurement a challenge and in most of the earth
surface the available observations are inadequate (Kidd et al., 2017). The most industrialized countries are equipped with dense
networks of rain gauges and weather radars. Combining both sensors high resolution rain maps, with regular kilometric grids
and infra-hourly time steps are routinely produced by weather services at country scale. Radar based data sets are useful for
understanding the small spatial and temporal scales of extreme precipitation (Lengfeld et al., 2020). Unfortunately, radar
networks are not available worldwide and the need for better rainfall estimation is acute in the tropics and singularly in sub-
Saharan Africa. Sub-Saharan Africa is the continental surface with the overall scarcest rain gauge density (Kidd et al., 2017)
and deficit of weather radar (Heistermann et al., 2013). This observational gap is all the more problematic that African countries
are highly vulnerable to floods ( Di Baldassarre et al. 2010, Tramblay et al. 2020, 2022) and population exposure is increasing
(Belloni et al. 2021, Tellman et al. 2021) especially in urban areas. Flood risk is expected to grow further in the future years
as the population density keeps on increasing while climate change causes rainfall intensification (Panthou et al., 2018 ; Taylor
et al., 2017). One aggravating factor for urban floods in Africa is the convective nature of rainfall which produces intense and
rapidly evolving rain fields (Roca and Fiolleau, 2020 ; Turko et al., 2021) leading to flash flooding.

In the last decades new measuring techniques based on opportunist sensors have emerged as a way to provide rainfall
information complementing radars and gauges (Chwala et al., 2026). One of these opportunistic methods involves the use of
commercial microwave links (CMLs) from mobile telecommunication networks. First introduced by Messer et al. (2006) and
Leijnse et al. (2007), the technique makes use of the attenuating effect of rainfall on microwave propagation. This effect can
be measured between the transmitting and receiving antennas of a cellular phone network liaison and then used for estimating
rainfall. The technique was originally developed in Europe and Israel, where most of the algorithmic development to transform
et al.,, 2018). A few meteorological services in Europe, have been prototyping the integration of CML data into their
operational rainfall products (Wenzel et al., 2023). In other regions CMLs use for rainfall is still more experimental but the
number of related studies is increasing, with recent experiments in China (Pu and Liu, 2024; Song et al., 2021) and under
tropical climate in Sri Lanka (Overeem et al. 2021; Walraven et al. ,2024).

In Africa, few experiments with limited data sets were also reported. Doumounia et al., (2014) obtained interesting results in
Burkina Faso, based on a single link of 7 GHz and around 30 km, which lead to organizing the first conference on CML in
Africa (Gosset et al., 2016). Djibo et al. (2023) exploited 259 links (10 to 13 GHz and 0.2 to 7.6 km) over the capital of Burkina
Faso Ouagadougou to assess CML based 5-minutes rainfall maps, but with only a single rain gauge with daily rain

measurement for validation. Over Kenya, David et al. (2021) discussed potential applications of CML for agriculture based on
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4 links. So far, the validation of the CML technique under tropical climate has been limited by the lack of access to high
resolution rain gauges needed for the analysis of the performance at sub-daily time scales and for assessing the ability of CMLs

to accurately estimate intense convective rainfalls.

This study presents results obtained with a dense network of 144 microwave links over the city of Niamey in Niger. The CML
data is provided at 15 minute step using the operator’s own network monitoring system (NMS) and unlike other studies in
Africa, we had access to quality controlled reference rain gauge data with 5 minute time steps, allowing the evaluation of the
CMLs at a high time resolution The study is carry out for the rainy season 2017 when many intense rainfall events and flooding
occurred in Niamey. Rainfall estimation from the microwave links is produced for all the major rainy events of the season,
representing a total of 55 hours of rainfall. This is one of the first quantitative evaluation of the CML technique in Africa at
short time step with such a large data set.

Section 2 presents the study region, the CMLs network and validation data, section 3 introduces the method used to transform
the signal levels provided by the operator into rainfall rates, section 4 presents the quantitative results, section 5 the conclusion

and perspectives.

2. Study area and Data

The study area is Niamey, the capital of Niger. Niamey lies into the Sahelian, semi-arid eco-climatic zone. The region is
known for its intense climate variability and the long-lasting drought of the 1970-2000 period. In recent years the area has
been subjected to intense rainfall and flooding (Casse et al., 2016; Panthou et al., 2018) and studies suggest an intensification
of the rainfall regime (Mahamadou et al., 2026).

The rainy season is relatively short, 4 months on average from mid-June to mid-October in relation with the position of the
Inter Tropical Convergence Zone (ITCZ). During the West African Monsoon season, most of the rain is brought by organized
Mesoscale Convective Systems (MCSs) (Mathon et al., 2002; Roca and Fiolleau, 2020, Guehi et al., 2026). MCSs are
characterized by a front of convective cells followed by a more spread stratiform part (Alcoba et al., 2016; Cazenave et al.,
2016; Houze, 1988; Vischel et al., 2011). Typically, at a given point, the convective rain lasts about an hour, with peak rain
rates reaching 100 to 150 mm/h, the stratiform rain that follows is usually below 5-10 mm/h, and lasts for several hours
(Moumouni et al., 2008; Miiller et al., 2018). The convective rain accounts for 75-80% of the total rainfall. These intense rain
rates are responsible for pluvial floods and need to be monitored, however their high spatial variability is a challenge for

observation (Turko et al., 2021; Vischel et al., 2011).
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2.1. Commercial microwave links

The commercial microwave link data was originally obtained through a collaboration with the mobile telecommunication
operator Orange (the network has now been bought by Zamani Com). The data was obtained in the framework of the project
‘Rain Cell Africa - Niger’ financed by the World Bank Global Facility for Disaster Reduction and Recovery (WB-GFDRR)
in order to test the potential of the CML based rainfall technique for urban hydrology in Africa, following the promising results
of Doumounia et al. (2014) using a single link in Ouagadougou.

The meta-data provided by the operator contains the information necessary to locate the antennas’ positions and process the
raw data and derive rainfall rates. The main information is the position of the transmitting and receiving antennas, and the
frequency of operation. Additional information may help in the interpretation of the results (type of equipment and radome ;
polarization ; antennas height, angle and model).

The geographical layout of the available network is superimposed on the map of Niamey in Figure la, together with the
position of the rain gauges. We can observe a homogeneous spatial distribution of links with the urbanized part of the city of
Niamey. For some CMLs (not shown in Figure 1) the Meta-Data was incomplete, hence they could not be included in the

study.
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Figure 1: a) Positions of the CMLs (blue et green lines depending on frequency, as indicated) and gauges (red). b)
Distribution of the link lengths (Y axis) as a function of their frequency (X axis).

¢) Distribution of the distances between the links (center) and their closest gauge.

As displayed in Figure 1, the link lengths range from 0.245 to 5.36 km, with most links in the range 0.5-2 km (Figure 1b).
Most links (126) operate at 22 or 23 GHz, and only 18 links at 18 or 19 Ghz. For some of the pairs of antennas or link lines
represented in Figure 1, two sub links are available, in the two opposite directions (as each pylon hosts both transmitters and
receivers) and they may operate at slightly different frequencies (or in different polarizations, but this information was not
available). Altogether 144 CMLs corresponding to 86 antenna pairs positions could be exploited.

The distance of the links compared to the nearest rain gauge are shown in Figure 1c. Here the considered distance is to the
center of the link (other measures like the distance to the closest antenna, or the perpendicular distance to the link path, could
be considered). With this measure, 31 links are less than 2 km away from their closest gauge. The data provided by the operator
for all links are the received signal levels (RSL) every 15 minutes. For some links, the transmitted signal levels were also
provided. The inspection showed that the TSL are constant, very stable and consequently only the RSL are used -as in most
studies (Chwala et al., 2012; Imhoff et al., 2020; Ostrometzky and Messer, 2018; Overeem et al., 2011a; Pu and Liu, 2024)-
in order to process all links with a similar processing. The data is provided at the end of each time step and contains the mean,
minimum and maximum value of RSL recorded in the last 15 minutes. For the present work we used only the mean RSL
information. The data was provided with a 1 dBm precision.

Among the recorded data, 2017 is the year with the most complete record (data for all CMLs being transmitted every 15

minutes). The data has been analysed during the rainy season, from May to August, when rain gauge data was available.

2.2. Rain gauges and rainfall events

Two rain gauges from the the African Monsoon Multidisciplinary Analysis (AMMA)—Couplage de I'Atmosphére Tropicale et
du Cycle eco-Hydrologique (CATCH) observatory (AMMA-CATCH, 1990; Galle et al., 2018) are situated within Niamey’s
agglomeration, and close to several links, a third gauge is located at the airport, more east, as shown in Figure 1. The two
central gauges (IRI and IRD) are 3 km apart, the Airport gauge is 11 km from IRD. The rain gauges are tipping bucket (0.5
mm resolution) and the rain rates have been recorded with a 5 minute time step. For the comparisons with the CMLs time
series, the rain rate is averaged over 15 minutes.

2017 was a difficult year regarding the security conditions and the data collection and network maintenance was not as frequent
as usual. The record is therefore incomplete (some days missing; station stopped). However, the 10 major rainfall events
(representing 75% of the total rainfall that year) that occurred in 2017 were recorded by the two central gauges. One of the

events was also recorded by the airport gauge.



160

165

https://doi.org/10.5194/egusphere-2026-2962
Preprint. Discussion started: 20 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

The date, length and rainfall characteristics of the 10 major events recorded by the gauges in Niamey from May to August
2017 are listed in Table 1. The events vary in length (from 45 minutes to 11 hours), rainfall accumulation and intensity. Despite
their proximity the gauges have recorded very different accumulations or maximum intensity for some events (highlighted in
Tablel). This is consistent with the rapid spatial decorrelation of the rainfall structure which has been reported before for
African convective systems (Guilloteau, 2016; Israelsson et al., 2020) and has to be kept in mind when the rain gauge are

compared with the CML estimation.

Rainfall Duration(in | Gauge Total  Rainfall | Maximum rain
events Start (UTC) hours:minute) | name Amount (mm) rate (mm/h)
. 11/05/2017 02:45 05:30:00 IRD 51.44 57.8
event
- 11/05/2017 03:00 04:30:00 IRI 51.93 32.76
13/06/2017 18:45 10:15:00 IRD 113.5 80.44
event 2
13/06/2017 18:45 11:30:00 IRI 94.89 98.72
19/06/2017 17:15 00:45:00 IRD 42.67 88.28
event 3
19/06/2017 17:30 00:45:00 IRI 42.01 110.2
04/07/2017 00:00 04:45:00 IRD 54.36 63.52
event 4
a 04/07/2017 00:00 05:00:00 IRI 86.8 112.16
06/07/2017 02:00 07:45:00 IRD 28.4 58.52
event 5
B 06/07/2017 02:00 07:45:00 IRI 35.53 60.4
. 22/07/2017 03:45 04:15:00 IRD 42.46 57.72
event
a 22/07/2017 03:30 04:45:00 IRI 65.48 91.32
07/08/2017 19:00 03:00:00 IRD 21.99 37.72
event 7
B 07/08/2017 19:00 03:15:00 IRI 19.43 29.72
23/08/2017 02:45 11:15:00 IRD 48.91 78.88
event 8
a 23/08/2017 06:30 07:30:00 IRI 76.04 90.28
26/08/2017 04:30 04:00:00 IRD 56.49 90.88
event 9
26/08/2017 04:30 04:00:00 IRI 58.71 82.28
30/08/2017 17:45 00:45:00 Aéroport | 18.23 36.88
event 10
a 30/08/2017 17:30 01:15:00 IRD 19.25 28.52
30/08/2017 17:45 01:00:00 IRI 11.01 15.56

Table 1 : characteristics of the 10 major rainfall events recorded in 2017 by the rain gauges. When the total amount

or maximum rain rates differ by more than 20 % among the gauges, they are highlighted in bold.
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Note that Rain Gauge at the airport (Aéroport) was operationnal only on the last event.

3. Rainfall estimation from the commercial microwave links
This section provides the details of the processing chain to convert the raw data provided by the operators into rain rates.
3.1. Basic principles — k-R relationship and path integrated attenuation

The principle of rainfall measurement from the path integrated attenuation measured between the two ends of a microwave
link has been explained by several authors (Yapi et al., 2023; Zhang et al., 2023).

The basis, is the existence of a simple analytical relationship between the specific attenuation k& [dB/km] along a rainy path
and the rain rate R [ mm/h] :

k=aR"® 0]

The attenuation of electromagnetic waves as they propagate through a rainy path, is due to effect of all the individual drops
which absorb and scatter in all directions, the electromagnetic waves. This is why, the amount of attenuation along the path is
closely related to rain rate. The fact that Eq. 1 takes the form of a power law is related to the rain drop size distributions, and
their evolution through microphysical processes (Atlas and Ulbrich, 1977; Esmaeil Nia and Shokri, 2025; Olsen et al., 1978;
Upton et al., 2005). Both the telecommunication and meteorological communities (in particular weather radar specialists) have
analysed, modelled or fitted empirically, k-R relationships (Berne and Uijlenhoet, 2007; ITU-R, 2005) for different frequencies
and/or climate regions. They have shown that in the frequency range 15-30 Ghz b is close to 1, making the k-R relationship
quasi-linear.

Here the k-R relationships for the frequencies of the provided CMLs, 18-19-22-23 GHz were calculated on the basis of the
Mie theory for electromagnetic scattering by spherical particles (Mie, 1908) and using rain drop size distributions (DSDs)
recorded in African MCSs (Moumouni et al., 2008). The derived coefficients @ and b are listed in Table 2. As expected, b is
very close to 1; the values of a are also very closed to those proposed in the literature (Berne and Uijlenhoet, 2007; ITU-R,
2005).

Frequency (GHz) a b

18 0.0781 1.0654

19 0.0873 1.0600

22 0.1171 1.0471

23 0.1281 1.0428

Table 2 : Coefficients @ and b of the k-R relationship used in this study, based on the Mie theory
and drop size distributions from Moumouni et al. (2008); see text.
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A microwave link of length L [km] measures the path integrated attenuation (PIA) due to rain between its two ends, which

according to Eq. 1 is :
L —b
Argin = PIA = [ k(s)ds ~ aR 'L )
With k(s) the specific attenuation at range s, R the path averaged rain rate. The approximation in the last member of Equation

2 is only valid if the exponent b equals 1 or if the rain rate is constant along the path (R = R ).
3.2 Raw attenuation and baseline

The raw attenuation between the transmitting and receiving ends of a link is measured as the difference between the transmitted

(TSL) and received (RSL) signal levels provided by the operator.

Arqw = TSL — RSL 3)

When the information on TSL is not available or when it is constant, the monitored raw attenuation -as used for the present
work- is :

Ayqw = —RSL “)

In the absence of rain, Ay is relatively stable. However, even in non rainy conditions, A varies for different reasons like
dew on the antennas or variation in the refractive index of the air or attenuation by atmospherics gazes; changes in the
transmitted power levels or more generally noise in the electronics or the signal (quantization) (Chwala and Kunstmann, 2019;
Harel et al., 2015; Henning and Stanton, 1996; Leijnse et al., 2007; van Leth et al., 2018; Ostrometzky and Messer, 2018;
Overeem et al., 2011a; Pu and Liu, 2024). What is important for rainfall estimation is not the absolute value of A, but its
variations in presence of rain.

In order to quantify the amount of attenuation due to rain, the reference level or baseline A representative of dry conditions

must be estimated, and A .in estimated as:

Argin = Araw — Apase %)

Errors in defining the baseline level are a major source of uncertainty in rainfall estimation from microwave links (Schleiss
and Berne, 2010a; Zinevich et al., 2010) and can lead to serious biases when the baseline is systematically under- or
overestimated.

Baseline estimation has been the subject of many articles (Fenicia et al., 2012; Ostrometzky and Messer, 2018; Overeem et
al., 2011a; Rahimi et al., 2003; Upton et al., 2005; Zinevich et al., 2010) and a variety of methods have been proposed. The

complexity of the problem depends on many factors like the atmospheric conditions which can lead to dew deposit on the

9
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antennas and strong diurnal cycle (Kumah et al., 2021; Schleiss and Berne, 2010a). The complexity of the processing method
which should and can be used to determine the baseline depends also on the type of data available, its precision and sampling.
For instance, spectral methods (Chwala et al., 2012) are powerful to distinguish the dry and wet period on very high-resolution
time series (12 sec apart) while simpler methods based on variance analysis (Doumounia et al., 2014; Schleiss and Berne,
2010b) seems sufficient on data with larger time steps (15 min).

The atmospheric conditions in Sahel and the characteristics of the data, lead us to implement a relatively simple method for
baseline determination, as illustrated in Figure 2. As discussed in section 2, the region is in semi-arid conditions, rainfall is
due to a small number of relatively short (a few hours) and intense systems. Most of the time, even during the rainy season,
the conditions are dry. The initial analysis of the raw time series during the wet and dry periods (defined by the closest rain
gauge) show that the signal is very stable outside rain — or at least the fluctuations are smaller than the 1dBm signal resolution
which is provided. Testing different methods (wet/dry classification based on variance) and parameters (threshold ; length of
processing time window), lead us to use the mode of the Ar. distribution within a 24 hours window preceding the current time
step, as definition of the baseline. This method was chosen for its skill and its simplicity of implementation (with operational

transfer in mind).

a) b)
event_1 event_1
— Raw attenuation — Baseline — Raw attenuation — Baseline

) o

T 42+ =

c c

° o

® 40 %

3 3

£ c

£ £

w 384 ©

2 ]

o ©

& 364 14

11 mai ai 11 mai 11 mai 12 mai 11 mai 11 mai 11 mai 11 mai 12 mai
12:00 18:00 00:00 00:00 06:00 12:00 18:00 00:00
Time (UTC) Time (UTC)

Figure 2 : illustration of the baseline (red) estimated as the mode of the raw attenuation (black) over a 24

h period. The example is for two different links during the first event.

Once the baseline is determined with the mode method, A.in is calculated (Eq. 5) and a first basic estimation of the rain rate is

done for each link by inverting Equation 2:

10
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Reme = (Amin/al) A(1/b) (6)

The figures 3 and 4 display heat maps illustrating the time evolution of the rain occurrence (Fig. 3) and the rain rate (Fig. 4)
measured by the links and the gauges as a MCS was passing over Niamey. The example is for the first major rain event that
occurred on May 11" 2027, started just before 3 am and lasted about 5 hours (Table 1). Each horizontal row is associated with
one sensor, with the 144 CMLs in the top plots (a, b) and the 2 functioning rain gauges below (c, d). The links are sorted by
decreasing length along the Y axis — with the longest link at the bottom.

The left plots (a, ¢) show the time evolution of the rainfall estimated by all sensors while the right plots (b, d) show the average

value per event, with the number of rainy time steps (above 0.1 mm/h) in Fig. 3 b and d, and the mean rain rate in Fig 4 » and
d.

Figures 3 and 4 provide a visual overview of the overall agreement between the links and the gauges in terms of capturing the
dynamics of the rainfall event over Niamey. A majority of links are in good agreement with the gauges for the amount of rainy
steps (Fig 3b, d) and the timing of the event (Fig 3a, c). Figure 4 shows however that this initial rainfall estimation tends to
overestimate the rain rates, even if the typical structure of the MCS with heavy convective rain rates (dark blue) followed by
lower stratiform rain (lighter blue) is reproduced. The overestimation is much more marked for the shortest links (top of Fig.
4a and b) than for the longest. Another feature in Figures 3 and 4 is the false detection of rain after the event, up to a few hours
for some of the links. There are also links behaving as outliers with unrealistic high rain rates (above 200 mm/h, red pixels)
and links which didn’t detect any rain.

The next two sections explain how the next steps in the processing, outliers elimination and wet antenna correction improve

CML estimation.

11
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Figure 3 : a) Illustration of the time evolution of the rain detected by the network of links and gauges for
the May 11 event. On the left plots, blue pixels indicate that rain rate above 0.1 mm/h was measured for
the correspond 15 minute time steps, by one of the 144 CMLs (a) or the 2 gauges (b). The links are sorted
by decreasing length along the Y axis — with the longest link at the bottom. The dots (color and position)
on the right plots show the number of rainy time steps (above 0.1 mm/h) recorded during the event by

each link (b) and gauge (d).

12



285

290

https://doi.org/10.5194/egusphere-2026-2962
Preprint. Discussion started: 20 July 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere®

Niamey - event_1

120+ _=_n—_— =
B | [ e,

100- .
E
[-#}
=
E 80 )
=
rd
-
E 60 I ——
U - i | .:-

40- Ben === .

b)

d)

00h 06h 12h 18h

1 10 100
Mean R (mm/h)

Figure 4 : a) Illustration of the time evolution of the rain rates over the network of links and gauges for
the May 11 event. The pixel colour indicates the rain rate recorded by the 144 CMLs (a) or the 2 gauges
(b). The links are sorted by decreasing length along the Y axis — with the longest link at the bottom. The

right plots show the mean rain rate recorded for the event by each link (b) and gauge (d).
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3.3 Outlier links filtering

Given the spatiotemporal structure of rainfall, and the proximity of the links (Fig 1a) some consistency is expected among

neighbouring links. Some authors use this consistency to determine the rainy/dry periods (Overeem et al., 2016; Roversi et al.,

2020).

Despite the overall synchronicity of the links and gauges, horizontal grey and red lines, standing out from the background

pattern, are visible in Figure 4. They show a few links behaving as outliers, either because they stopped working or because
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the attenuation values are very high, leading to unrealistic rain rates, above 200 mm/h. The values are too high to be attributed
to antenna wetting, and the operator engineers suggest a problem with the sealing of the antenna radome, which can fill up
with water inside, in case of very heavy rain and strong winds.

Based on the analysis of whole the data set, it was determined that the main type of problem is sudden overestimation and
extreme values. For the current study, a simple filter based on a maximum acceptable rain rate was implemented. Based on the
distribution of rain rates observed over 30 years by the gauges, a conservative maximum acceptable value of 250 mm/h was

set. Links which show a correlation of less than 0.5 compared to the median of all other links within 5 km are also disregarded.
3.4 Wet antenna attenuation analysis

Figure 4 shows that rainfall following the initial convective rainfall is overestimated by the links, and from visual analysis it
appears that the overestimation is stronger for the shorter links (upper part of the heat maps). Wet antenna attenuation is a
possible candidate to explain this feature.

Many experiments with commercial or dedicated microwave links have shown evidence of attenuation of the microwave signal
by the membrane that protects the antennas, as observed also with the radomes of weather radars. This wet antenna attenuation
(WAA), introduces a positive bias in the estimation of rainfall from Eq. 2 which should be rewritten,

Ayain = Awa + PIA = Ay, + aRPL @)

With Ay, the attenuation due to the wet antennas.

Several models have been proposed for the WAA, some studies consider a fixed value, others a dependency on frequency
(WAA increases with frequency), or on rain rate, or both. The WAA also depends on the type of equipment used by operators
and no universal model could be proposed so far. In practice, most retrieval algorithms introduce a parametric formula for a
fixed or variable WAA and calibrate the parameter(s) empirically (Fencl et al., 2019; Leijnse et al., 2008; Ostrometzky et al.,
2018; Schleiss et al., 2013)

In order to investigate WAA we analyse, for each link situated within 2 km of a gauge, the difference between the attenuation
by rain estimated with the link A (Eq. 5, 6) and the PIA which is expected given the rain rate measured by the gauge,
PIAGauge:

PIAGauge = @ RGauge” Lom 3

with Rgauge the rain rate measured by the rain gauge, a and b, from Table 2 for the frequency of the considered link and Lewmr,
its length.

Based on Equation 7, the difference between Anin and the PIA can be attributed to WAA, on the assumption that i) Rgauge is @
good proxy for the average rainfall along the link path and ii) the parameters a and b are correct.

The scatter plots in Figures 5a and 5b display Arin versus PIAGauge for all the available time steps of all links situated within 2
km of their closest gauge, for the two ranges of frequencies, 18-19 GHz and 22-23 Ghz. Altogether 29 CML-gauge pairs are

considered with a minimum of 40 time steps each. The plot shows an overestimation of the attenuation by the CML and
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suggests the existence of an additive component to the overall bias, which is expected from a WAA component (and not so
much from unsuitable values of the 4-R coefficients [a, b]). The intersect parameter of the fitting line is about 2.5 dB for the
18-19 GHz and slightly higher for 22-23 Ghz. An underestimation of the baseline would also create an addition bias, however
the statistics on rain/no rain detection, discussed in section 4, show a low false alarm rate suggesting that the bias in Fig. 5 is
induced by WAA rather than baseline underestimation. This is further highlighted in Fig. 5S¢ which analyses the relative
difference, (Aqin- PIAGauge)/PIAGauge per classes of link length, exhibiting larger relative errors for the shortest links as
expected from WAA.
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Figure 5 : Analysis of the difference between the attenuation by rain (A ain) estimated with the CMLs and

the PIA expected given the observed rain rate (PIAgauge)-see text.
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a) and b) scatter plot of Ar.ix versus PIAgaug for the frequency ranges, 18-19GHz (a) and 22-23 GHz (b).
c) percentage of residual attenuation, (A4, 4in- P1AGauge)/ PIAGauge, for the indicated classes of CML length.

To further investigate which analytical form can be used to model the WAA we analyse the residuals, A4~ PIAGaue as a
function of the rain rate measured by the gauge. For this analysis we gathered the links from both frequency range, given that
335 there are too few 18-19 Ghz links to have a robust model and the scatter plots of Figures 5a and b are quite close. There is also
no clear consensus in the literature on the dependence of WAA on frequency. The residuals are displayed as box plots for

different rain rate classes in Figure 6.

10

WAA (dB)
4
l

-  Empirical WAA(R)
[ I I I I [
0 20 40 60 80 100

Rain rate at gauge (mm/h)

Figure 6 : Box plots of the residual between the attenuation measured by the link (A.in) and the PIA
expected from the measured rain rate (PIAgaug) as a function of the rain rate measured at the gauge. The
original distribution contains 2712 points. The red line is the proposed empirical WAA(R) model,

described in the text.

340
The overall shape of Figure 6 is compatible with an exponential model for WAA as a function of rain rate. A type of model
which has been proposed by previous authors (Kharadly and Ross, 2001 ; Leijnse et al., 2008) with an offset plus a component

increasing with rain rate and an asymptotical value at high rate :
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R

WAAR) = 2+ [Amax = (Amax = Ag) - 0 ©)

The factor 2 is for the 2 antennas.

The 3 parameters were adjusted to the following values
= Ap=0.75dB
* Amx=15dB
*  R¢=10 mm/h

With these values the offset (initial WAA) is equal to 1.5 dB and the maximum WAA to 3 dB.

Several points are worth mentioning:

EGUsphere\

e first we acknowledge of the method used to set up the WAA model is empirical and rather subjective. We are faced

with a limited data set, with one rain gauge per link at most and not situated directly below the link. The

representativity of a single rain gauge measurement, in a region marked by highly variable rainfall is questionable.

There is no direct (on site measurement) or indirect (ancillary data like radar or gauge at each end of the link)

measurement of WAA. The used approach is pragmatic.

e Figure 6 shows a large spread in the distribution of the residual especially for high values of the rain rate. Fitting a

function in such a spread data set is not satisfactory. However, as discussed in the next sections accounting for WAA

even with an imperfect model does improve substantially the final rainfall estimation.

e We are aware that what we call a WAA model could be a way to compensate other source of errors such as the bias

introduced by the coarse the quantization step (1dB), as discussed by other authors (Ostrometzky et al., 2017, Zinevich

etal., 2010).

From Equations 7 and 9, estimating the rain rate from the CML attenuation is equivalent to solving the following equation :

R
0 Apgin=0aRP * L+ Ay, =aR? «L + 2= ( A0 + (Amax — Ay) * (1 — e Ro)) (10)

In practice the equation is solved by numerical solver (for instance the function uniroot from R).

3.5 CMLs processing chain summary
In summary the stages of the processing are :

e acquire the RSL mean data at the 15 minutes time resolution
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e  determine the baseline level as the mode of the raw attenuation over a 24 h time window.
e filter out misfunctioning links on the basis of maximum acceptable rain rate (250 mm/h) and low correlation with
their neighbours.

e apply the WAA correction and estimate rain rate based on Equation 10.

The figures 7 and 8 illustrate the rain rate over the network for the first event, as in Figure 3 and 4, after outliers filtering and
WAA correction. The improved agreement between the CMLs and the rain gauges is visible on the heat maps, in terms of
rain occurrence (Figure 7) and rain rates (Figure 8). In Figure 7 the number of rainy time steps detected by the CMLs is very
consistent with the gauges. The many false detections that appeared in Figure 3 up to several hours after the event have
disappeared. The agreement in terms of rain rate values is also improved. The overall bias and the spread among the links is
much reduced. The trend seen in Fig.4 of a positive bias increasing with shorter links has disappeared.

It is noteworthy that the 2 gauges themselves, though only 3 km apart, did not record the same event duration (4h30 for one,
5h30 for the other — cf Table 1) nor the same maximum rain rate (33 mm/h for one and 58 mm/h for the other), putting in
perspective the difference between CMLs and gauges.

The results are similar for the nine other rain events (see supplement material, Figure S1).

Figures 7 and 8 provide a visual appreciation of the CMLs performances; the next section provides a statistical analysis of the

results based on CML-gauge 15 minutes times series for the 10 recorded events.
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EGUsphere®

Figure 7: same as Figure 3 but after filtering of the outliers and application of the WAA correction.
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Figure 8: same as Figure 4 but after filtering of the outliers and application of the WAA correction.
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4. CML base estimation assessment against gauges

The rainfall estimates derived at each link following the process described in section 2, have been compared with the rainfall
recorded by the closest gauge. The comparisons are carried out for the 10 major events recorded by the gauges in 2017 and

listed in Table 1. All comparisons and scores presented have been calculated with the 15 minutes time step.

4.1. Global statistics

Rain rate retrieval:

Global comparisons of the rain rates over the whole period, 43 hours of rain, are first derived. A scatter plot gathering all these
link-gauge pairs over their common time steps is displayed in Figure 9a. This quantitative evaluation is carried out for all the
links whose centre is located within 2 km from their closest rain gauge (29 links altogether). Only the time steps where at least
one of the sensors (gauge or link) recorded non zero rainfall are shown, with a total of 4257 points. The other 5 plots in Figure
9 are for sub-categories of frequencies, 18-19 GHz for b-c and 22-23 GHz for d-e-f, and link lengths, as indicated in the titles.
The overall performance for all links at 15-minute resolution is very good, the correlation coefficient is 0.87 and the normalized
bias is 0. This compares well with the few other studies that reported results at small time steps (Chwala et al., 2012;
Doumounia et al., 2014) and even with scores obtained at longer time steps (Overeem et al., 2011b; Pudashine et al., 2021).
At the hourly time step the correlation is even higher (0.91, not shown).

Whatever the frequency and the link lengths, the correlations are very high. In terms of bias, the 25 links operating in the
frequency range 22-23 GHz show slightly better performances than the 4 links operating at 18-19 GHz. The lower bias ( -1%)
is obtained for the links in the frequency range 22-23 GHz and length 1-2 km. The data sample is however not sufficient to
draw general conclusions on the ‘best’ links. Better performance may be obtainable for shorter and longer links with a different
set of algorithm parameters. Higher uncertainties for shorter links can be explained by an imperfect correction of the WAA
(relatively more sensitive for short links). The uncertainty brought by the coarse quantization level (1 dB) is also relatively
higher for the shortest links. Based on the a, b values in Table 2, we can derive from -Eq. 6 - that a PIA increment of 1 dB is
equivalent to 15 mm/h for a 0.5 km long, 22 GHz link, and to 4 mm/h for a 2 km/22 Ghz link.

In Figure 9 some spread is visible for the highest rain rates (above 50 mm/h) ; it can be partly explained by the limitation in

comparing a link with a single gauge during the highly variable convective rainfall peak. Table 1 shows some significant

disagreement among the maximum rain rates recorded by the two central rain gauges which are only 3 km apart.
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Figure 9 : Scatter plot of the rain rates retrieved by the CMLs (Y axis) and the closest gauge (X axis) at the 15
minute time step for all links within 2 km of a gauge (a) and for subset of frequencies and lengths (b-f), as
indicated on the plots.

logso(N)
3

445  Categorical scores:

The ability of the CMLs to detect rainfall of different intensity is illustrated in Figure 10.

The Probability of Detection (POD) and False Alarm Ratio (FAR) are derived, for four different rain rate thresholds (0, 2, 5

and 10 mm/h).
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—  Probability of Detection (POD)

POD = H
CH+M
— False Alarm Ratio (FAR)
FAR = FP
~ H+FP
With H, M and FP defined in Table 3.
Thr=0,2, 5 or 10 mm/h RGauge > Thr RGauge < Thr
Rcwmr > Thr Hit (H) False Positive (FP)
Reme < Thr Miss (M) Correct Negative (NEG)

Table 3 : categorical score variables definition.

The scores are displayed in Figure 10 for 3 classes of link length : a) less than 1 km, b) 1 to 2 km, c) 2-6 km.

For all links, the detection of the convective rainfall, above 5 mm/h is very good, with POD above 0.80. This is an important
result given the importance of these intense rain rates that represent about 80 % of the rain accumulation in Sahel and are the
causes of frequent flooding in Niamey. The FAR for these intense rainfall is however high, especially in the case of very small
links. Lighter rain rates are partly missed, by 25-30% for links longer then 1 km and by about 35 % for shorter links. Given
the coarse quantization step (1 dB) the detection of the lowest rain rate is a challenge (Turko et al., 2021), especially for the
shortest links. The problem may be partly compensated by the WAA which can help the total attenuation by rain (Eq 7) to

jump above the detectable value (1 dB). Conversely, the FAR for rain rates below 5 mm/h is very low.

These numbers are very satisfactory considering the spatial sampling difference between links and gauges.
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Figure 10 : POD and FAR for the indicated threshold of rain rate (0, 2, 5 or 10 mm/h) and three classes
of link length (a) less than 1 km, b) 1 to 2 km, ¢) 2-6 km.

480

4.2. Frequency Distribution of rain rates

The capacity of the network to reproduce rainfall intensity statistics is important for many applications like the study of
485 extreme events or flood risk assessment.

Figure 11 compares the frequency distributions of rain rates for all 144 links and the gauges. The agreement is better for the

links longer than 1 km and for the convective rain rates (10 mm/h and above). The occurrence of rainfall rate below 5 mm/h

is under-represented by the links. However, despite their high level of occurrence, rainfall below 10 mm/h represent a small

contribution to the rain accumulation (Fig 11b and c) and for links longer than 1 km, there is a good agreement between the

490 gauges and links for the rain rates in the range 10-100 mm/h that account for more than 80 % of the total rain.
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Figure 11 : frequency distribution of the rain rates retrieved by the links (grey) and the gauge (black) for
the whole data set (10 events). a-b) frequency distribution and c-d) contribution to the total accumulation.

Left) plots for Links shorter than or equal to 1 km, Right) Links longer than 1 km.
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4.3. Overall behaviour of the network per event

The global statistics may hide some discrepancy among links, or rain events, that could be important in an operational context.
Figure 12 shows the distribution of the correlations between individual links and their closest gauge, for each 10 events, when
considering only links within 2 km of a gauge. For most events and most links, the correlation are above 0.85, and above 0.95
for the events 3,4 and 9. This is higher than the correlation of 0.84 observed between the 2 gauges, that are only 3 km apart
(cf supplementary Figure S1).
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Figure 12: distribution of the correlation coefficients calculated between each link and the closest rain

gauge, for each 10 events. Only the links with 2 km of a gauge are considered.

The correlations are lower when considering links which are further away from the gauges, as expected given the spatial
structure of the convective rainfall in Sahel. However, robust information on the mean rainfall over Niamey can be derived
from the ensemble of all links.

Figure 13 displays event hyetograph constructed by taking the interquartile range of rain rates over the entire network for 2
events (see supplementary Figure S11 for all events). For each time step, the quartile (25, 75 and median) of CML estimates
are plotted against the average of the gauges, over Niamey area. The correlation of the daily series are indicated (when all links
or only those distant from less than 2 km are considered), with values above 0.9 for the median of all links. For most events

the rain gauge series is within the spread of the CMLs, and close to the median, suggesting that the median could be used as a
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robust estimator of the average rainfall over the city and the interquartile as an indicator of the variability. This is an example

of an urban scale rain product that can be derived easily, and well suited for operational applications.
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Figure 13: event hyetograph based on the quartile (median=red; 25""=blue; 75"=green) of link estimates,
for links situated with 2 km of the gauges and gauge mean (black).
The correlation coefficient between the links quartiles and the gauge mean series are also indicated on

each plot, considering all the links or only the links within 2 km.

515

Finally, Figure 14 illustrates the interest of the dense network of CMLs to monitor rainfall spatial variability. The example is
for the event 8, where an extreme gradient of rainfall was observed within the city. Table 1 already shows the contrast between
the 2 gauges, in terms of duration (11hours for one gauge and 7 hours for the other), intensity (78 or 90mm/h maximum rain
rate) and accumulation (49 mm or 76 mm). The CMLs reveals that the MCS impacted only the south-east of the city, where

520 the intense convective rainfall are seen around 12 pm (Fig. 14 c, d) with no rain in the northern part.

525

26



https://doi.org/10.5194/egusphere-2026-2962
Preprint. Discussion started: 20 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Niamey : 2017-08-23 Niamey : 2017-08-23
13.60 1 ; 13.60
b)
Rain [mm] Rain [mm]
100 100
13.551 13.551
o 7 M 75
° °
2 2
.‘6 50 - 50
-l -
13.50 1 ” 13.50 1 “ 30
5 oy 20
Y 10
0 0
13.45 1= : | W 13.45 =0 IS :
2.05 2.10 2.15 2.05 2.10 2.15
Longitude Longitude
c) . . d) . -
Rainfall Rate over Niamey Rainfall Rate over Niamey
2017-08-23 12:00:00 UTC 2017-08-23 12:15:00 UTC
<% Rainfall LW Rainfall
(mm/h) (mm/h)
l 100 l 100
é 75 ® 75
° °
2 2
8 50 8 50
30 30
20 20
10 10
. , 0 0
2.04 2.08 212 2.16 2.04 2.08 212 216
Longitude Longitude
Figure 14 : Illustration of rainfall spatial variability over Niamey for the 8" event. a) Total rainfall
measured by each link, b) total rainfall interpolated over the hydrological basin and elementary sub-
basins, of an urban river that overflowed during the event, ¢) and d) rainfall maps (1 km resolution)
showing the extension of the intense rainfall front, as the convective part of the MCS is crossing the south-
eastern districts of Niamey.
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5. Conclusion

This study confirms on an extended data set, with 144 links and several days of rain, the interest of commercial
microwave links in data sparse regions like sub-Saharan Africa. Here CML based rainfall estimates could be assessed
at their native time resolution, 15 minutes, which is unusual under such latitude. At this resolution, the correlation
between the CML and rain gauges is close to 0.9, with slight variations depending on the frequencies and length
considered. This high level of correlation is stable among the 10 events. When rainfall is estimated as the median
value of the estimates from all links within 2 km of the gauges, the correlations are close to 0.99 for all events. The
overall bias is close to 0. The bias varies if subcategories of links are considered. The lowest bias is obtained with
links in the length range 1-2 kms and frequency 22-23 GHz. The capacity of detection is about 70 % for low rain rates
(up to 2 mm/h) and reached 90% for the intense convective rainfall (from 10 m/h). The false alarm rate is below 10%
(except in the category 2-5 mm/h). The frequency distribution of rain rates is well represented by the links in the
convective range (above 10 mm/h) but the links tend to underestimate the occurrence of small to medium rain rates.
However, the total amount of rain brought by each intensity class is well represented.

Ten rainfall events accounting for 80 % of the total rainfall in 2017 were analysed.

All the analysed events are associated with deep convection organized in Mesoscale convective systems (MCS), an
important feature of tropical climate (Prein et al., 2024; Roca and Fiolleau, 2020). MCSs are characterized by intense
precipitation and often responsible for flooding (Guehi et al., 2026). While the trajectories and cloud structure of
these systems have been well observed by satellite (Fiolleau and Roca, 2024) quantifying and mapping the associated
rainfall is still a challenge, by lack of operational radar network in the region. The scarcity of the operational rain
gauge network limits the analysis of the spatial variability of these intense rainfall, especially at sub-daily scale, and
this is a problem for characterizing extreme events (Guerreiro et al., 2018; Lengfeld et al., 2020). Here we have shown
that a network of CMLs can provide precious high resolution information on the spatial and temporal characteristics
of tropical rainfall. Such information could be useful for assessing the ability of satellite rainfall estimates and
numerical weather models to represent tropical convection characteristics. They could also be used in many
applications like urban hydrology (Turko et al., 2021).

Beyond the scientific outcomes which highlight on a new example the relevance and quantitative performances of
the CML technique, under a variety of climates, the study provides new elements of perspective for the development
of the CMLs technique in the global south and countries where technical expertise on rainfall measurement may not
be available. An interesting point is that good performances were obtained with a very simple processing chain. The
raw data were provided using the operator’s own network monitoring system (NMS), requiring no external

intervention on the network operation or computer system. The operator was able to configure the NMS to store data
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in real time (within 5 minutes of acquisition of the 15 minutes TSL/RSL) and push them on a ftp server. The old
565 version of the equipment allowed acquisition of the TSL and RSL only with a coarse quantization step of 1 dBm. The
method used for defining the baseline is very basic, based on the mode of the signal over a 24h window. One of the
reasons for the good performance, despite limitations in the data and processing comes from the nature of the
convective systems encountered in Niger. The rainy season is made of the succession of a few mesoscale convective
systems separated by dry periods of several hours to days. Within these rainy events, most of the rainfall is provided
570 by the intensive convective front, which creates an abrupt and easily detected attenuation peak in the CMLs signal.
As the relative error in rainfall estimation which CMLs decreases with rain intensity — at least in the range of
frequencies and length used in this study — this is also favourable for monitoring intense convective rain. While such
favourable climatic conditions are not observed everywhere in Africa, they are common in the whole Sahelian region,
which hosts some of the world populations most exposed to climatic risks and floodings. The perspective of
575 investment in operational weather radar network and the human resources to operate them are very poor in this region,
and solution based on the existing infrastructures like the telecommunication networks would be most relevant. The
data presented in this study were obtained in a research framework, as part of a pilot demonstration. However, the
proposed solution was implemented in real time and could easily be operationalized if an agreement was concluded
with one (or several) telecommunication operators and a local institution. In order to facilitate the operational use of
580 CMLs for rainfall estimation worldwide, a new initiative called the Global Microwave Data Initiative (GMDI;
https://gmdi.eu/) is under discussion among several research institutes, telecommunication operators, national
weather services and international authorities (WMO, ITU). Other collective initiatives to promote the CML
technique towards a wider community of users include the development of publicly shared data and open source
software packages (Chwala et al., 2026).
585
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