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Abstract— In this letter, we show how an operational
microwave link network can be used to reconstruct 2-D fields
of accumulated rainfall over a limited area at ground level.
To this purpose, we use a tomographic technique that exploits the
relation between rainfall rate and the attenuation experienced
by the microwave links of the network. The links located in
Italy operate at K-band and are managed by an Internet
service provider. The results are validated by comparing the
reconstructed rainfall maps with those derived from a network
of conventional rain gauges. Finally, we assess by simulation the
impact of the network’s density and topology on the accuracy of
the reconstruction algorithm.

Index Terms— Hydrology, measurement campaign, microwave
links, rain field, tomography.

I. INTRODUCTION

RELIABLE measurement of rainfall is crucial hydrologi-
cal models, whether they are used for real-time floods

prevention or water resources planning. Generally, rainfall 
measurements are collected by dedicated instruments like
radars and rain gauges, which lack, respectively, in terms of
quantitative reliability and time resolution. To overcome these 
restrictions, in the recent past, a new method for estimating
rainfall has been proposed: it exploits the attenuation that rain
induces on ground-based microwave links; a comprehensive 
review can be found in [1].

Promising experimental results were presented in the 
last decade: D’Amico et al. [2] derived the path-averaged
rainfall rate from point-to-point link measurements, while
Overeem et al. [3], [4] derived the rain field over the Nether-
lands interpolating attenuation data gathered on a country-wide
scale network.

These works confirmed the possibility to estimate rain rate 
from attenuation, but none of them applied a tomographic
technique to the measured data. A tomographic technique, like 
the ones first proposed by Giuli et al. [5]–[7], is possibly
the best way for an accurate reconstruction of the rainfall
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field, starting from attenuation data. While tomography has
been widely investigated through simulation, it has never been
applied to measurements collected by operational microwave
links [8]–[10].

In this letter, we apply a tomographic technique to attenua-
tion measurements gathered by an operational microwave net-
work located in Italy; the objective is to reconstruct 2-D fields
of accumulated rainfall. This letter is organized as follows.
We describe the experimental setup first, and then we briefly
illustrate how to apply the tomographic technique. Finally, we
validate the procedure by comparing the reconstructed field
with that derived from colocated rain gauges.

II. MICROWAVE LINK AND RAIN GAUGE NETWORKS

The microwave network consists of three bidirectional links
(on average 6 km long), operating at 25 GHz with vertical
polarization, located in the Treviso district, Northern Italy.
The received power level is sampled at 8 Hz and quantized
with a resolution of 3 b/dB; eight samples are then averaged
to obtain one sample/s, so as to filter out fast scintillations.
The receiver dynamic range is about 60 dB (i.e., from about
−90 to −30 dBm); no attempts were made to calibrate the
receivers’ Automatic Gain Control (AGC) response.

The network is operational and it is used by NGI (an
Internet Service Provider (ISP) company) to interconnect the
company’s access points. We performed a one-month measure-
ment campaign in September 2015, storing 86 400 attenuation
samples per link per day.

For the ground “truth,” we relied on a network of nine rain
gauges, managed by the Environmental Protection Agency of
Veneto [11], which almost uniformly covers a square region
(32 km in side) that surrounds the links (Fig. 1). Regrettably,
the rain gauge data available for this experiment were limited
to daily rainfall accumulations.

Before implementing the tomographic reconstruction tech-
nique, we verified that the daily rain accumulations derived
from the two sets of measurements (i.e., link attenuations
and rain gauges) were consistent. The daily accumulations
“measured” by the link can be computed by summing up
the 86 400 1-s path-averaged accumulations Āsec, expressed
in millimeters

Āsec = 1/3600 · [plink/(kL)]
1
α (1)

where plink is the attenuation in decibels measured on the link
at a given second, L is the length of the link in kilometers,
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Fig. 1. Geographic region of interest, equipped with three links
(colored lines) and nine rain gauges (white crosses). The monitored area is
in magenta and the link area is in yellow.

and k and α are coefficients taken from ITU-R P.838 recom-
mendation [12], which mainly depend on the frequency and
polarization of the link. For the sake of brevity, we show only
the comparison referred to one link (Fig. 2), which benefits
from the closeness of two rain gauges.

The use of fixed parameters in (1) inevitably introduces
approximations in the estimation of the rainfall accumulation,
since k and α depend on drop size distribution, drop shape,
and temperature. Another potential source of error is rain-
field inhomogeneities along the measurement path; in fact,
the estimated averages may be biased due to the nonlinear
relation between A and R, the impact being strongly dependent
on the frequency of operation. For our frequency (25 GHz),
the bias is negligible, since the parameter k is very close to
unity [13]. Another possible source of error is the nonideal
behavior of the communication equipment, in particular as
regards system calibration and linearity. For this experimental
campaign, no attempts were made to calibrate the equipment
or to characterize the response of the AGC as a function of
ambient temperature, power level, and so on. The idea, in fact,
was to use the available microwave network “as is.”

To correctly estimate the attenuation plink needed in (1),
we have to determine the “baseline” signal level, defined as
the average signal level in the last supposedly “dry” interval
preceding the rain event. To this purpose, we first filter the
signal-level time series to remove scintillations, artifacts, and
spikes (which may be caused by devices malfunction, noise,
and clear-air propagation effects like multipath). We then label
as “wet” the time intervals where the signal level is attenuated
in excess of 2.5 dB with respect to the maximum signal
level measured during the previous 24 h (this threshold value
was optimized by comparing gauge readings and measured
attenuation throughout September 2015). Once wet/dry periods
are identified and the baseline level is calculated, attenuation
due to rain is obtained by subtraction; we are aware that

there may be contributions due to water vapour variations, but
those cannot be removed without ancillary instrumentation.
It is worth noting that this method for the classification of
wet/dry periods relies only on the power received individually
by each single link; in fact, since the available links are
separated by distances that can be larger than 10 km, the
spatial decorrelation of rain prevents us from using techniques
that jointly consider more than one link [14].

III. TOMOGRAPHIC TECHNIQUE

After this preliminary validation, we used the attenuations
measured simultaneously by the three links to reconstruct the
rainfall field over the 25 × 25 km2 “monitored” area shown
in Fig. 1 (inside the magenta box). The tomographic technique
that we implemented is the one presented by Giuli et al. [5].
We want to point out that our objective in this letter is neither
to propose a new tomographic method nor to improve an
existing one: we want to assess if an operational microwave
network can be used to estimate the accumulated rainfall over
an area through tomography, confirming or disproving what
has been so far inferred through simulations.

The adopted technique calculates, for each time step, the
spatial distribution of specific attenuation γ̂ (x, y) starting from
the total attenuation measured along the links. To this purpose,
we use a set of N basis functions bn(x, y), one for each square
subregion in which we partition the monitored area

γ̂ (x, y) =
N∑

n=1

γn · bn(x, y) (2)

where x and y are ranging from 0 to 25 km. The basis func-
tions in (2) are selected so that they are first-order derivable
polynomials that provide local continuity to the reconstructed
function γ̂ (x, y). The mathematical expression of the nth basis
function is given by

bn(x, y) = �

(
x − rn

�

)
· �

(
y − sn

�

)
(3)

with �(u) being the roof-function described by [15] and �×�
and (rn , sn) the subregion size and center, respectively. In order
to solve (2), we need to calculate, for each subregion, the
expansion coefficients γn , which allow finding the solution of
the following ill-conditioned linear system:

p = A · γ + e (4)

where p is a vector of the attenuations measured over the
M links, e is the error vector between the estimated and
measured attenuations, and A is an M × N matrix whose
generic element am,n is calculated by integrating the nth basis
function along the mth link path. A solution for (4) can be
found by applying the following recursive algorithm:

γl+1 = γl + 1/k[−(I + b0 B)γl + a0 AT (p − Aγl)] (5)

where k is a constant equal to the average between the
minimum and the maximum eigenvalues of the matrix (I +
b0 B + a0 AT A).

All tomographic reconstructions reported in this letter have
been performed assuming a0 and b0 in (5) to be constant



Fig. 2. Daily rain accumulation (September 2015), as measured by two rain
gauges (blue dashed lines) and a microwave link (red solid line).

in time. The values of a0 and b0 have been determined
by applying the tomographic technique and comparing the
predictions with the observations carried out in two rainy
days (September 5, 2015 and September 23, 2015), selected
as “calibration days.” Following the strategy described in [5],
we found that a0 = 150 and b0 = 70 minimize the relative
error of the path-averaged rainfall daily accumulation to values
lower than 2%.

Once the a0 and b0 coefficients have been determined, it is
possible to apply the tomographic technique to the event(s) of
interest; since we want to reconstruct the daily accumulation,
we iterate the procedure for all seconds of the selected day.
The results presented here are relative to September 14,
2015, the day of the month with the largest precipitation
[more than 70 mm (see Fig. 2)]. We applied the technique
over the monitored area (25 km × 25 km), divided into 64
subregions, obtaining the 2-D rain field shown in Fig. 3(a);
all the images presented are relative to the smaller “link” area
(12 km × 17 km, the yellow box in Fig. 1). The monitored
area is larger than the link area because when we move
away from the links, the uncertainty in the rainfall estimates
greatly increases, due to the lack of input data which condition
the system (4) to be solved. Moreover, the solution in the
subregions neighboring with the boundary of the monitored
area may be invalid due to numerical edge effects and must
be discarded.

Although the number of available links is limited, the
estimation error experienced along the links is remarkably
low: by integrating for each second the function γ̂ (x, y) along
the links and converting specific attenuation into rainfall rate,
we obtained reconstructed path-averaged accumulations that
differ for less than 1 mm from the attenuation-imposed accu-
mulations. Regrettably, the limited number of links available
for this study does not allow us to perform a meaningful
comparison of the different tomographic techniques proposed
throughout the year [5]–[7], [16].

IV. RECONSTRUCTED RAIN FIELDS:
ATTENUATION VERSUS GAUGES

The quality of the reconstructed field shown in Fig. 3(a)
can be assessed by comparing it with that of an accumulation
map, which is, in turn, obtained from rain gauge measurements

Fig. 3. Daily rain accumulation (mm) in the link area for
14 September (a) reconstructed with tomography from measured link
attenuation and (b) measured by rain gauge network.

Fig. 4. Daily rain accumulation (mm) for 14 September reconstructed with
tomography from (a) measured attenuations and (b) synthetic attenuations.

by applying a kriging interpolation [4], [17] (tomography, in
fact, cannot be applied to point measurements). Regrettably,
only daily rainfall accumulations were available. From the
acquisitions of the nine rain gauges shown in Fig. 1, we
reconstructed the map shown in Fig. 3(b), which can be
compared with that obtained from the tomography.

Despite the small number of links, the short length of the
links, the nonoptimized position of the links over the region,
and the random position of rain gauges relatively to the links,
Fig. 3 shows important similarities between the two maps: an
increasing trend is evident, going from South to North, with
accumulations up to 80–85 mm on both maps near the second
link. On the other hand, moving away from the area directly
covered by the links, the reconstructed values in Fig. 3(a)
gradually lose their physical meaning.

We verified that the discrepancy between the two maps is
strongly correlated (ρ = 0.91) with the distance between the
considered point and the nearest link, with the performance
worsening almost linearly as the distance increases, with a rate
of about 2.5 mm/km. Moreover, as expected, the accuracy of
the tomographic reconstruction is higher where we can rely
on the measurements from two links. Overall, the discrepancy



Fig. 5. Network topology simulations. (a) Network with 6 links. (b) Network with 12 links. (c) Network with 15 links. (d) Network with 21 links.
(Left) Gauge accumulation from which we derived synthetic attenuations. (Middle) Network topology simulated. (Right) Result of the tomographic
reconstruction.

between Fig. 3(a) and (b) does not exceed, on average, 10 mm
(corresponding to an error of about 15%) for all the points
whose distance from the nearest link is smaller than 2.5 km.

When comparing the two maps, we must take into account
the fact that tomographic reconstruction carried out with
only three links may have intrinsic limitations. To prove
that the observed discrepancy is mainly due to the limited
number of links and not to the tomographic technique itself,
we performed the following simulation: we located “virtual”
microwave links on the rain gauge-derived precipitation maps,
in the same locations of the actual links; we then calculated
synthetic attenuation values by converting precipitation into

attenuation through the Recommendation ITU-R P.838 [12].
In the simulations, we tried to comply with the technical
specifications of the actual links as much as possible (e.g.,
quantization of the signal level); however, we did not add
noise or other artifacts since we already have significant
uncertainties, due to the lack of knowledge of the drop size
distribution and so on. On these synthetic values, we applied
the tomographic algorithm. The comparison between the two
tomographic reconstructions, which we call for brevity mea-
sured and synthetic tomographies, is reported in Fig. 4. The
level of agreement between the two images is significant and
it allows us to affirm that the tomographic technique applied



to measured attenuation is reliable and that the discrepancy
between reconstructed and rain gauge-derived precipitation
maps may be due to—in our case—the low density of links;
this point will be discussed in the next section.

V. SYNTHETIC ATTENUATIONS FROM

RAIN GAUGE MEASUREMENTS

As a next step, we investigated via simulation the impact
of links’ density and network topology on the quality of the
tomographic reconstruction; without having the ambition to
draw general conclusions, the objective is to acquire some sen-
sitivity on the (approximate) number/density of links needed
to achieve a given accuracy for our scenario.

To this purpose, we assumed the rainfall field shown
in Fig. 3(b) as the “ground truth” (for this exercise, it needs
only to be realistic, not real), we located “virtual” links on the
map (black lines in Fig. 5) and computed synthetic attenua-
tions by converting precipitation into attenuation through [12],
and then we applied the tomographic reconstruction technique
to the synthetic attenuations experienced by the virtual links.

The different topologies that we simulated were designed
trying to cover as uniformly as possible the monitored area;
we performed seven simulations, from a minimum of 3 links
to a maximum of 21 links. Fig. 5 shows the daily rain
accumulation reconstructed using 6, 12, 15, or 21 virtual
links; with 21 links [Fig. 5(d)], the agreement with the map
in Fig. 3(b) is remarkable; quantitatively, with 21 links uni-
formly distributed over a region of 625 km2, it is possible to
estimate the rain field with a discrepancy lower than 2 mm
over the whole area.

VI. CONCLUSION

In this letter, we applied a microwave tomographic tech-
nique for the reconstruction of 2-D fields of rainfall accumu-
lation, exploiting the attenuation measured by three operational
communication links located in Italy. The main advantage of
the tomographic technique is that it is possible to reconstruct
the accumulated rain field over the entire monitored area using
a reasonable number of operational communication links (for
which the attenuation measurement is a by-product), without
installing any additional ad hoc infrastructure and significantly
improving the estimation, which can be obtained through
simple interpolation. Despite the very limited number of links,
the reconstructed rain map compared satisfactorily with that
derived by a colocated rain gauge network. We have also

shown by simulation that by increasing the network’s density,
the accuracy of the reconstruction algorithm improves and
that the observed discrepancies are mainly due to the limited
number of links available in this context.
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