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Abstract

The real time monitoring of rainfall over urban areas is a critical issue for hydrological applications
such as flood warning and water resource systems. Despite the fact that traditional techniques
such as networks of rain gauges and weather radars are used to measure rainfall many cities
worldwide are not well equipped with these devices. However, they are generally equipped with
mobile telecommunication networks. Mobile networks use atmospheric Hyper-Frequency (HF) links
whose transmitted signal power is attenuated by rainfall. Measuring that signal attenuation along
each link could allow the measurement of path-averaged rainfall. As HF links are concentrated in
cities, these networks could constitute a self-sufficient approach to monitoring rainfall.

We propose a simulation approach in order to evaluate the feasibility of reconstruction of rainfall
maps by means of tomographic processing applied to attenuation measurements from HF links. A
discrete tomographic algorithm based on the Mojette Transform (MT) is applied to reconstruct 2D
rainfall map. Before applying the algorithm, specific adjustment procedures, which take into
account the geometry of the network topology and non-uniform distribution of links frequency and
lengths, are performed. The study domain is the city of Nantes (France) where the density of HF
links is greatest. A series of rainfall fields recorded at high spatial (250m x 250m) and temporal (5
minute) resolutions are used to simulate the attenuation data and are considered as reference
rainfall fields. These maps are obtained from C-band weather radar located about 10 km north of
the center of Nantes (France) and are considered as reference rainfall fields.

We carry out more than 100 reconstruction tests in light rain, shower and storm events to compare
the reconstructed rainfall fields to reference ones. Initially obtained results are a subject to further
works: (i) improvement on the adjustment procedures of the tomographic reconstruction algorithm,
(ii) Implementation of the method in the presence of the error sources.

1. Introduction

The real time monitoring of rainfall is an important issue for urban hydrological applications such as
flood warning and water resource management systems. Even though, rain gauges and weather
radars are widely used for rainfall measurement, most urban areas worldwide lack such devices.
Instead, they are equipped with cellular communication networks. These networks make use of
atmospheric Hyper-Frequency (HF) links whose transmitted signal is attenuated by rainfall. The
signal attenuation measured along the multiple HF links can be used to retrieve rainfall fields. The
retrieval principle is based on the conversion of 1D attenuation vector into 2D rainfall map using
well known k-R empirical relation (Olsen, et al., 1978). However, such procedure cannot be directly
performed since it is not straightforward and requires a specific inversion technique. The use of
tomographic reconstruction algorithms, in this context, is an original approach proposed by (Giuli,
et al., 1991) about two decades ago. In the same line of this study, taking advantages of a large
number of HF links (Cuccoli, et al., 2011) and (Zinevich, et al., 2008) also applied adaptive
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tomographic reconstruction algorithms which process signal attenuation measured along the HF
links to retrieve rainfall fields. However, the challenges in the tomographic approach have not been
completely explored yet. Therefore, following the same direction as previously cited studies, we
evaluate the feasibility of rainfall retrieval using a discrete tomographic technique, which uses the
Mojette Filtered Back projection (Guédon & Normand, 2005), applied to attenuation data from HF
links in a simulation framework. Section 2 presents how the signal attenuation caused by rain is
simulated and the tomographic algorithm used to reconstruct rainfall maps based on the simulated
attenuation data. A brief description of the study area and data are given in section 3. The results
are detailed in section 4, and conclusion and further works are presented in section 5.

2. Methods

To formulate the problem, the power law model is adopted to relate a signal attenuation to a rain
intensity as follows (Olsen, et al., 1978):

A=L=*aRP (1)

Where, A — total signal attenuation, dB; L — link length, km; R — rain intensity along the link,
mm/hour; a and b — power law coefficient which is a function of frequency, polarization,
temperature and drop size distribution. In Figure 1b, the network area is represented by n square
grids in 2D space (Zinevich, et al., 2008). A rain rate value R; in the jth pixel is assumed to be
constant. Each HF link connects two locations at a distance L;,. We assume that the microwave
signal is a straight line travelling through the network area and intersected at a length 1ij in the jth

pixel:
Ai=a XL LR + g, i=1...m (2)

Where, n - number of pixels crossed by the links; R; — the rain rate in jth pixel, [mm/hour]; li]. - the

length of the crossed part of the ith link in jth pixel, [km]; a; and b; — the power law coefficients at
the ith link frequency and g; — measurement error (Atlas & Ulbrich, 1977). As a starting point, we
assume that the power law relation is linear and attenuation along the HF link is not influenced by
the measurement error. The exponents of power law relations at all frequencies are assumed to be
homogenous and linear, that b; is equal to 1. Then, the eq.(2) will take the following form for m

number of links:
&
+ |: lll] (3)
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As a starting point, a total attenuation along the HF link was simulated using eq.(3) in the absence
of €. The procedure is applied to 256 real HF links operating at 18, 23 and 38 GHz. The power law
coefficients a, b are obtained from (ITU-R, 2005).

4y Ry
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Tomographic reconstruction algorithm

The objective is to reconstruct rainfall map values R, R,, ... ,R, using attenuation data A,,A4,,
... ,A,, see eq.(3). The tomographic reconstruction algorithm used to solve the problem is based on
the principles of the Mojette Transform (MT) developed by Guédon et al. The MT is a discrete
version of Radon Transform. It uses simple linear operations such as addition, subtraction to
reconstruct any image from a number of projections (p;, g;). A projection value (called a “bin” as in
tomography) on a projection (p, q) is the sum of pixels value centered on the line as shown in
Figure 1:
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Where, R(k,1) — a pixel value in (k, 1) indices of MxN image; (p;, q;) - a set of projection direction
defined by Farey-Haros series (Serviéres, et al., 2005); b — a projection value;

Let us consider an example of a 3x3 image in which pixels represent rainfall rate R, ... Ry, see
Figure 1a. The transform domain for the image consists of two projections, namely p;, q; = (1,0),
P2, q2 = (1,1). The way of taking projection from the sample image is shown for those two
projection directions. Along each projection, bin values are computed by summing up the pixel
values in the image. Unlike other tomographic algorithms, the MT has an exceptional property that

a number of bins B (i) in each projection depend on the chosen angle (6 = tan (Z—f)):

B@i) =M = Dlp;l (N —Dg; +1 ®)

The Mojette Filtered Back Projection algorithm is applied to reconstruct the rainfall map. However,
the algorithm is not directly applicable due to (i) the arbitrary geometry of the network topology, (ii)
non-uniform distribution of links frequency and lengths. Therefore, we do specific adjustment
procedures before applying the algorithm. In total, the reconstruction process consists of 4 steps
including the adjustments:
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Fig 1: a) An example of Mojette projection at two angles: (p;, q1) = (1,0), (p2, q2) = (1,1); b)
Microwave links at 18, 23 and 38 GHz in Nantes city. Black rectangles in different sizes illustrate
the selected grids for projection and reconstruction of attenuation data.

Step 1. Grids selection: The objective is to select valid grids for Mojette projection (acquisition) in
the network area. Only zones totally crossed by the HF link are chosen to be reconstructed. We
divide the reconstructed zone into sub-grid so that each zone can be reconstructed independently
with respect to the attenuation measured through it. In Figure 1b, this is depicted as black
rectangles with different area sizes over the study region. In this preliminary study these regions
are selected visually.

Step 2. Projections direction matching: A set of projections M,, , with discrete Mojette directions are
found for the MT acquisition in each grid. We choose discrete (p, q) projections directions fitting the
best HF link directions and minimizing the number of bins. These possible directions depend on
the reconstructed region size. However, only very few bins onto each projection are filled;

Step 3. Interpolation: An angular interpolation technique proposed by (Serviéres, et al., 2006) is
applied to fill empty bins in each projection based on nearby values. The interpolation is performed
in all selected grids of the network area;
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Step 4. Back Projection: Mojette Filtered Back Projection algorithm (Guédon & Normand, 2005) is
used to reconstruct the attenuation map from the projection values.

These 4 steps are performed in all selected grids of the network. Reconstructed images are
assembled, and then normalized with the maximum attenuation value. In the end, the
reconstructed map represents a specific attenuation field that could be converted to rainfall map.

Evaluation of the system performance

The reconstructed rainfall map is compared with reference rainfall field using root mean square
error (RMSE), which represents the standard deviation of the residuals:

RMSE = \/%21;1 (R; — R{")? (6)

Where, R; —reconstructed rainfall rate; R;" — reference rainfall rate; n — a length of a rain vector;
3. Data

The study domain is the city of Nantes (France), where the density of HF links is greatest (Figure
1b. We have, at our disposal, hundreds of weather radar images recorded at high spatial (250m x
250m) and temporal (5 minute) resolutions in 7 different periods (Table 1). This C band weather
radar of Treilliéres is located about 10 km north of the center of Nantes. The radar reflectivity
images were converted to rain fields with a power law Z-R relation and considered as reference
rainfall maps (Emmanuel, et al., 2012).

Table 1. Characteristics of the selected rainfall events.

Rain type Duration Number of fields
Light rain 9h 25 min 113
Unorganized storm 2h 50 min 34

Organized storm 2h 50 min 34

Shower 2h 10 min 26

4. Results

To evaluate the monitoring system performance, we carry out a series of rainfall retrieval tests for
various rain events such as light rain, shower, organized and unorganized storm. Figure 2 shows a
comparison between reconstructed and reference rainfall map by weather radar in a storm event in
a linear case with the absence of measurement noise.
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Fig 2: Comparison between reference and reconstructed rainfall maps at 2x2 km2 resolution in
storm.
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It is worth noting that the MT algorithm was applied to an inhomogeneous network topology for the
first time. One can see that the reconstruction by the MT is generally consistent with reference
rainfall. The poor performance of the algorithm is due to the following reasons: (i) the accuracy of
the MT algorithm strongly depends on a number of projections which are not sufficient along the
HF links. In other words, this is called under-determined problem; (ii) the grids choice was
manually selected in this study. However, the algorithm is fast enough due to the fact that it uses
very simple addition and subtraction operation to reconstruct a rain field.

5. Conclusions

The objective of this paper was to demonstrate the feasibility of rainfall mapping by means of
tomographic reconstruction applied to simulated signal attenuation from HF links. Initially obtained
results lead to further works in the reconstruction algorithm development part: improvement on a
grid selection in step 1, modifying the way of taking projection in step 2, test of other interpolation
methods in step 3. Further, the definition of a priori knowledge about the state of the problem
needs to be addressed since the problem to be solved is highly under-determined in tomography
context. A sensitivity analysis to the application conditions, associated error sources in both
measurement and reconstruction, spatial and temporal rainfall field structure.
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