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Local Rainfall estimation: transforming measurements from a 
single CML into rain information (VRG)

Habi, Hai Victor, and Hagit Messer. "Wet-Dry Classification Using LSTM and Commercial 
Microwave Links." 2018 IEEE 10th Sensor Array and Multichannel Signal Processing 
Workshop (SAM). IEEE, 2018.
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Model Driven:
• Calibration of the model’s parameters;
• Wet/dry classification;
• Extraction of the rain-induced attenuation;
• Applying a simplified model:

Data Driven:
• Labeled data used are rain gauges 

close to CMLs (up to 2 Km) 
• Training is climate sensitive



“

”
How can Signal Processing Help us?

In today’s talk, we will present and answer three questions:

• How much performance is lost in rain-field reconstruction when treating CMLs 
as a single virtual rain gauge (located in their mid-point)?

• How much rain-rate information can be extracted from min-max signal-level 
samples?

• How is the CMLs network topology related to the rain-field reconstruction 
resolution?
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1. How much performance is lost in 
rain-field reconstruction when 
treating CMLs as a single virtual rain 
gauge (located in their mid-point)?
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2-D rain-mapping: transforming a wireless network to a virtual 
weather radar

Overeem, Aart, Hidde Leijnse, and Remko Uijlenhoet. "Country-wide 
rainfall maps from cellular communication networks." Proceedings of the 
National Academy of Sciences 110.8 (2013): 2741-2745.

No installation and maintenance costs
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How CML-based rain maps are created?

u The most commonly used methods consist of:
1. Preprocessing of the CML measurements (isolating the rain-

induced component in the signal for each CML and then converting 
attenuation to rain using the power-law relation: 

2. Assuming that !𝑅 =
! !
"#

 is a point measurement in the middle of 

the link, a 2-D rain map is constructed using measurements from 
multiple CMLs in the area using standard spatial interpolation 
techniques, e.g. Kriging or IDW.

3. This approach neglects the spatial spread of a CML (length, 
orientation).

4. The question: how much does one lose by ignoring this information?
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How to approach this question?
u Environmental sciences approach: empirical comparison with real data

Semi-real data study: Retrieving CML attenuation from radar to study the 
accuracy of naïve reconstruction methods vs. GMZ:

Problems: results are algorithm/scenario dependent often 
represented by a scatter plot against processed data (no 
ground truth) so conclusions are subjective 8



How to approach this question?

u Signal processing approach: theoretical analysis based on statistical model

Parameter Estimation Approach:
Given measurements vector X with a PDF 𝑝(𝑋|𝜃) where 𝜃 is a parameter 
vector to be estimated such that '𝜃 = g(X) and 𝑔 is the estimation algorithm, 
then the estimation error is the covariance of 𝜖 = 𝜃 − '𝜃.

The Cramer-Rao Bound (CRB) inequality states that for any 𝑔, 
 𝐶𝑂𝑉 𝜖 −	𝐹𝐼𝑀!"	 ≥ 0 where FIM is the Fisher Information Matrix given by: 

Thus, the CRB= 𝐹𝐼𝑀!"	 indicates on the best possible (optimal) 
performance, independent on the algorithm used.

9



Parametric rain-field modeling

𝜽 = 𝑅!, 𝜇!" , 𝜇!# , 𝜎"$, 𝜎#$, 𝜌, 𝑣" , 𝑣#

𝑅(𝑥, 𝑦, 𝑡; 𝜽) = 𝑅!𝑒
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CRB study of the difference between point (RG) and line (CML) 
ground level sensors in random topology for rain map estimation

C
R
B

B-SplineGaussian-Shape

•Line Sensor (Link) 

•Point Sensor (Gauge)
A simplified measurements model:
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PERFORMANCE ANALYSIS (ACCURACY) – 
THEORETICAL, BY SIMULATIONS AND EXPERIMENTAL STUDIES
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2. How much rain-rate information 
can be extracted from min-max 
signal-level samples?
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How does the CML’s sampling protocol 
affect the rain estimation?
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The Power-Law:

The (virtual) sensor
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Instantaneous Samples

ü Can be in a number of 
sampling-rate (e.g., every 
10 seconds, every minute, 
every 5 minutes, every 15 
minutes, etc.)

ü Each sample is 
independent with the other 
samples (apart from the 
phenomena)
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Two hours of received signal level (RSL) data-series (from an Ericsson CML 
in Gothenburg) during a rain event in summer 2015. The transmitted signal 

level (TSL) remained constant. 



Min-Max Samples

ü Usually based on 10-second 
instantaneous samples, 
where every 900 samples 
(15-minutes), the minimum 
and the maximum detected 
values are reported.

ü Each min-max sample is 
dependent of all samples 
within the interval.

ü Can be reported in other 
intervals.
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The Challenge

uHow can the min-max samples compare 
(rain-information wise) to instantaneous 
samples?
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The Rain Statistics

u Exponential?
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Gamma? Log-Normal?

Pr 𝑟 𝑡 ≤ 𝑟 = 𝐹0 𝑟; 𝑡, 𝜃 , where 𝑓0 𝑟; 𝑡, 𝜃 	is:

Exp(1) Gamma(0.5,1) LogNorm(-1,3)

r(t) [mm/h]r(t) [mm/h] r(t) [mm/h]
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The rain statistics

u Exponential?
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Gamma? Log-Normal?
The minimum is bounded (> 0)

The maximum follows an Exponential tail



Statistics of Extreme Values

Minimum from K 
observations*

Maximum from k 
observations*
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𝐾 → ∞ 𝐾 → ∞

Degenerate case GEV PDF Type I (Gumbel)

* Assuming iid
r(t) [mm/h] r(t) [mm/h]

PrPr

Effectively, 
when larger than 10

Effectively, 
when larger than 10

Ostrometzky, J., & Messer, H. (2020). On the information in extreme measurements for parameter 
estimation. Journal of the Franklin Institute, 357(1), 748-771.



Estimation of 𝜃

From a sequence of N 
minimum values

u N groups of K observations each. From 
each group, only the minimum value is 
taken, and used to estimate	 A𝜃 :

u The Fisher Information:

From a sequence of N 
maximum values

u N groups of K observations each. From 
each group, only the maximum value is 
taken, and used to estimate	 A𝜃 :

u The Fisher Information:
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𝐽123 𝜃 =
𝑁
𝜃$ D 𝒪(1) 𝐽14" 𝜃 ≅

𝑁
𝜃$ D 𝒪(𝑙𝑛

$(𝐾))

As K increases, the information stored in the maximum values increases!
For large K, most information is stored in the maximum sequence!

𝐽12" 𝜃
5→7

𝐽123 𝜃 +𝐽14" 𝜃 ≅ 𝐽14" 𝜃
“mix” represents the estimation using both min and max values



What it Means is:

22

The number of 
observations 

per group

The number of 
observations per 
group used in the 

optimal estimation 
process

Minimum based estimation: 
the number of the 

equivalent observations per 
group which would result in 

same estimation 
performance (fisher wise)

Maximum based estimation: 
the number of the 

equivalent observations per 
group which would result in 

same estimation 
performance (fisher wise)

Mixed based estimation: the 
number of the equivalent 

observations per group which 
would result in same 

estimation performance 
(fisher wise)
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The number of 
observations 

per group

The number of 
observations per 
group used in the 

optimal estimation 
process

Minimum based estimation: 
the number of the 

equivalent observations per 
group which would result in 

same estimation 
performance (fisher wise)

Maximum based estimation: 
the number of the 

equivalent observations per 
group which would result in 

same estimation 
performance (fisher wise)

Mixed based estimation: the 
number of the equivalent 

observations per group which 
would result in same 

estimation performance 
(fisher wise)

What it Means is:



To conclude so far

• The sequence of the maximum attenuation values holds more information 
regarding the rain than the minimum attenuation values sequence.

• Combined, the minimum and the maximum attenuation values (reported at 
15-minute intervals from 10-second sampling rate) is equivalent up-to 20 
instantaneous samples taken within these 15 minutes!
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Ostrometzky, J. (2017). Statistical signal processing of extreme attenuation measurements taken by commercial 
microwave links for rain monitoring. Tel Aviv, Israel: Tel Aviv University.



Demonstration – Specifics

Rain-Gauge

CML (1.3km)
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Andersson, J. C., Olsson, J., Van de Beek, R., & Hansryd, J. (2022). OpenMRG: Open data from Microwave links, Radar, 
and Gauges for rainfall quantification in Gothenburg, Sweden. Earth System Science Data, 14(12), 5411-5426.



Results - June 2nd 2015

RG Cumulative:
20.0 mm

CML Cumulative:
22.9 mm

Corr: 0.89

26

𝑟!"#
$→& 𝐴'(!) + 𝒪(1)

𝑎*!+(!) ) 𝐿

,
-
≈

𝐴'(!)

𝑎*!+(!) ) 𝐿

,
-

Ostrometzky, J. (2017). Statistical signal processing of extreme attenuation measurements taken by commercial 
microwave links for rain monitoring. Tel Aviv, Israel: Tel Aviv University.



Results – July 25th 2015

RG Cumulative:
8.7 mm

CML Cumulative:
8.1 mm

Corr: 0.93
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Ostrometzky, J. (2017). Statistical signal processing of extreme attenuation measurements taken by commercial 
microwave links for rain monitoring. Tel Aviv, Israel: Tel Aviv University.



Full Results

Four (double) CMLs 
and four nearby rain-gauges

Event 1: June 2nd 2015
Event 2: July 25th 2015

Overall : 
16 different rain 
estimates
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Andersson, J. C., Olsson, J., Van de Beek, R., & Hansryd, J. (2022). OpenMRG: Open data from Microwave links, Radar, 
and Gauges for rainfall quantification in Gothenburg, Sweden. Earth System Science Data, 14(12), 5411-5426.



Full Results – Correlation

29
Ostrometzky, J. (2017). Statistical signal processing of extreme attenuation measurements taken by commercial 
microwave links for rain monitoring. Tel Aviv, Israel: Tel Aviv University.



Take Away Message
Min-Max samples at 15-minute intervals, although “just” two samples, hold 
significantly more information than two instantaneous samples, and can 
potentially outperform instantaneous samples at higher sampling rate (e.g., once 
every 10 minutes, once every 5 minutes, etc.), for rain monitoring. 
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3. How is the CMLs network 
topology related to the rain-field 
reconstruction resolution?
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The Resolution Question
uGiven a set of n CMLs, what is the achievable resolution of 2-D 

rainfall mapping?

uThe answer depends on:

1. The rain-field characteristics

2. The number and the topology of the links

uWe propose a stochastic approach, where the rain-field is 
characterized by its sparsity, and the CMLs are characterized by 
their spatial distribution.

Gazit, Lior, and Hagit Messer. "Sufficient Conditions for Reconstructing 2-D Rainfall Maps." IEEE Transactions on Geoscience and 
Remote Sensing 99 (2018): 1-10.



The phase-transition diagram (Donoho-Tanner)

u
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The Method
u  



Empirical Results

𝛿	 − 	𝑑𝑒𝑔𝑟𝑒𝑒	𝑜𝑓	𝑢𝑛𝑑𝑒𝑟𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛, 𝑖𝑛𝑣𝑒𝑟𝑠𝑙𝑦	𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙	𝑡𝑜	𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝜌 − 𝑑𝑒𝑔𝑟𝑒𝑒	𝑜𝑓	𝑠𝑝𝑎𝑟𝑠𝑖𝑡𝑦

This empirical test is valid under the 
assumptions that the links are uniformly 
distributed in the area of interest, where 
the orientation of each link is also 
uniformly distribution, and its length is 
exponentially distributed 

July 29, 2025 36

N is proportional to the resolution, so 
given the sparsity and the number of 
links, it can be set to guarantee 
constructability 



Example of use
•



Meaning?

Study the sparsity of 288 radar images in Goteborg 
(Sweden) shows that a typical values of k/N are 
between 0.12 and 0.3. 



Conclusions

u Signal processing is a powerful tool which enables theoretical study of 
inherent limitations and algorithms’ design considerations in practical 
applications under statistical modeling.

u We had a sneak peek at a few practical examples in our field of opportunistic 
sensing of rain. 

u But there are many, many more!J
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Thank You!
https://cellenmonlab.tau.ac.il/
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