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The accurate
intensity
and the precise localization of precipitation are important
tasks in the study of the water cycle, and also represent major components of the physics
of climate. Moreover, the varGeoscientific
ious issues arising from the variability of precipitation over
Development
time and spaceModel
are not only
scientific. Knowledge of rainfall variability in the short term (extreme events) and long
term (management of water resources) can also be beneficial in terms of the avoidance of human and material damage
Hydrology and
caused by these phenomena. The present study investigates
Earth
an inexpensive microwave
systemSystem
used to observe rain at a
medium spatial resolution and aSciences
high temporal resolution.
The most commonly used sensors for rainfall measurements are weather radar, rain gauges, disdrometers and remote sensing satellites. Although the latter make it possible
to monitor precipitation on a global scale, microwave senOceanmust
Science
sors using current technology
be positioned in a low
Earth orbit, when measurements are needed with a resolution of a few kilometres. The resulting observation frequency
(for a single satellite) is approximately twice a day, which is
very low when compared to the dynamics of rainfall events.
Ground-based weather radar systems cover an area of apEarth
proximately 30 000 km2 , andSolid
have a revisit
frequency of the
order of a few minutes and a spatial resolution of approximately 1 km. The unavoidable costs and human resource requirements of such radars make their implementation possible only in some specific regions of Earth. Rain gauges allow
for spot observations to be made with a variable time step,
The Cryosphere
depending on the rainfall intensity, and only in the presence
of a dense network of such sensors can the spatial variability
Open Access
Open Access
Open Access
Open Access
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Abstract. The present study deals with the development of
a low-cost microwave device devoted to the measurement of
average rain rates observed along Earth–satellite links, the
latter being characterized by a tropospheric path length of
a few kilometres. The ground-based power measurements,
which are made using the Ku-band television transmissions
from several different geostationary satellites, are based on
the principle that the atmospheric attenuation produced by
rain encountered along each transmission path can be used
to determine the path-averaged rain rate. This kind of device
could be very useful in hilly areas where radar data are not
available or in urban areas where such devices could be directly placed in homes by using residential TV antenna.
The major difficulty encountered with this technique is
that of retrieving rainfall characteristics in the presence of
many other causes of received signal fluctuation, produced
by atmospheric scintillation, variations in atmospheric composition (water vapour concentration, cloud water content)
or satellite transmission parameters (variations in emitted
power, satellite pointing). In order to conduct a feasibility
study with such a device, a measurement campaign was carried out over a period of five months close to Paris.
The present paper proposes an algorithm based on an artificial neural network, used to identify dry and rainy periods
and to model received signal variability resulting from effects not related to rain. When the altitude of the rain layer
is taken into account, the rain attenuation can be inverted to
obtain the path-averaged rain rate. The rainfall rates obtained
from this process are compared with co-located rain gauges
and radar measurements taken throughout the full duration
of the campaign, and the most significant rainfall events are
analysed.
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of rainfall events be correctly observed. Furthermore, the
deployment and maintenance of such networks can be relatively complex and expensive, especially in mountainous
areas, dense forests, wetlands, etc.
By working with operational point-to-point microwave
telecommunication links, Upton et al. (2005), Messer et
al. (2006), Leijnse et al. (2007), Zinevich et al. (2009),
Schleiss and Berne (2010), Kaufmann and Rieckermann (2011), Wang et al. (2012), Overeem et al. (2013) and
Fenicia et al. (2012) have shown that the path-averaged rain
rate can be estimated from attenuation measurements. However, ground-based microwave link attenuations are provided
by local telecom operators, leading to many practical constraints (in particular, coarse precision due to quantization
errors and low temporal resolution (typically 15 min)). Furthermore, this type of data tends to be available mainly in
urban zones, but not in rural areas.
There are currently more than 200 geostationary satellites deployed by broadcast or telecommunication companies, transmitting relatively strong Ku-band (10.7–12.7 GHz)
microwave signals towards Earth and covering the entire globe. Positioned on quasi-geostationary orbits, these
satellites thus represent continuously available microwave
sources, whose apparent positions remain relatively stable.
When viewed from Earth, the apparent positions of these
satellites nevertheless impose restrictions on the specific directions (and thus atmospheric locations) along which Kuband rain attenuation measurements can be made.
In the Ku band, electromagnetic transmission can be
strongly affected by rain attenuation together with other
less significant but considerably more frequent effects,
due to atmospheric gases (oxygen and water vapour) and
non-precipitating water (cloud).
In order to observe rainfall events at an intermediate resolution, between that provided by radar and rain gauges, the
opportunistic use of these microwave sources was investigated based on the use of a low-cost device requiring significantly less maintenance than a network of rain gauges.
A passive ground-based microwave system, capable of estimating the average rain rate along the Earth–satellite link
(hereafter referred to as a “Ku device”), was thus developed.
Ground-based power measurements are achieved by receiving Ku-band signals from several operational geostationary
satellites, as was done in the experiments described by Kumar et al. (2008), Maitra et al. (2007) and Ramachandran and
Kumar (2004). The atmospheric attenuation along the Earth–
space link are then used to derive the path-averaged rain
rates. Table 1 summarizes the main characteristics of weather
radars, rain gauge networks and the Ku device. The proposed
device is as simple as possible; the final objective is in fact to
define a measurement method that could be easily deployed
by using existing dish antennas available everywhere in the
world. In fact, in many parts of the globe, subjected to significant climatic risk, no operational radar network is available, while microwave systems for television reception are
Atmos. Meas. Tech., 6, 2181–2193, 2013
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deployed for a long time. The present paper describes the
method used to retrieve the path-averaged rain rate from Kuband signals received from geostationary satellites. In an initial step, the measurement principle is described, and the expected accuracy of the Ku-band attenuation measurements
is estimated. A time series of raindrop size distributions is
used to estimate the Ku-band attenuation and corresponding
rain rate in order to study the influence on attenuation of rain
inhomogeneity and raindrop size distribution along the link
path. This section thus provides a relationship between atmospheric attenuation and rain rate.
In a second step, the experimental device and the measurement campaign designed to test the feasibility of rainfall measurements using this device are described. Groundbased power measurements were carried out by receiving
various Ku-band TV channels from different geostationary
satellites. The experimental microwave system was installed
close to Paris during the summer and autumn of 2010. Other
co-located rain observations (rain radar, rain gauges) used for
comparison are also presented.
The third step deals with proposed methods for the retrieval of rain rates from the received microwave signal, and
quantification of the expected rain rate accuracy. In practice,
the proposed device measures received power only; however,
the reference level of the transmitted signal, relative to which
the rain attenuation is computed, remains unknown. In the
case of Earth–satellite microwave links, this problem is considerably more complex than in the case of point-to-point microwave links, because the measured signal strength depends
on several factors, including not only the atmospheric attenuation resulting from a number of processes such as rain,
snow, hail, graupel, water vapour concentration, cloud water content, turbulence and air temperature, but also the position of the satellite when viewed from the ground. Most TV
satellites are not in fact perfectly geostationary, since they
have quasi-circular (slightly elliptic) orbits, which do not lie
exactly in the equatorial plane: these are so-called geosynchronous orbits which, during the day, induce small relative
movements of the satellite with respect to Earth. These, in
turn, lead to small changes in the nominal direction of the
transmitted microwave beam, and therefore to small fluctuations in the received signal level (depending on the antenna
aperture). In this section a method is proposed for the identification of dry and rainy periods, and for the estimation of the
signal reference level during rainy periods. Finally, by taking
the altitude of the rain into account, the estimated rain attenuation is retrieved, from which the path-averaged rain rate
can be obtained. The proposed algorithm remains simple because only one channel is used, at a fixed polarization and
frequency; more-sophisticated solutions could be developed
in the future by making use of a greater number of channels,
at different frequencies and polarizations.
In the last section of this paper, the derived rain rates are
compared with co-located rain gauge and rain radar measurements. The statistics obtained from the full experimental
www.atmos-meas-tech.net/6/2181/2013/
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Table 1. Main characteristics of weather radars, rain gauge networks and the Ku device.
Typical
temporal
resolution

Typical
spatial
resolution

Cost
(purchase and
installation)

Area

Maintenance

Radar

5 min

1 km2

30 000 km2

****

***

Rain gauge
network

1min–24 h

Spot

Proportional
#pluviometers

**

***

KU device using
one satellite

10 s

5–6 km

5–6 km

*

*

KU device using
all available
satellites

10 s

∼ 1 km2

∼ 20 km2

*

*

period are presented, and, finally, the most significant rainfall
events are analysed.

2

Physical context

Attenuation is the main factor influencing propagation over
satellite microwave links. This phenomenon is due to the
presence of several types of atmospheric component: gases,
clouds and rain along the propagation path (Ulaby et al.,
1981). Concerning temporal and spatial variability, each of
these components has a different behaviour. In the case of
gas-induced attenuation, the extinction coefficient is equal
to the absorption coefficient (Liebe et al., 1993). In the troposphere, oxygen and water vapour are the only gases contributing significantly to absorption in the microwave spectrum. In the case of a satellite slant path, gaseous absorption can be considered to be homogeneous over the horizontal range of the link, and variations in gas-induced attenuation are caused mainly by variations in the quantity of water
vapour encountered along the slant path. Gaseous attenuation
never exceeds 0.3 dB at frequencies close to 10 GHz, and an
elevation angle of 30◦ (ITU-R, 2012a).
The interaction of electromagnetic waves with tropospheric water particles may involve both absorption and scattering, depending on the size of the particles relative to the
wavelength of the transmitted beam. More precisely, the attenuation per unit volume depends on the density, shape,
size distribution and dielectric properties of the particles contained in the volume. In the case of liquid water in clouds,
scattering effects are negligible, and the Rayleigh approximation can thus be used for frequencies up to approximately
50 GHz (Liebe et al., 1993). The resulting attenuation is proportional to the integrated liquid water content present along
the link. As cloud coverage is characterized by substantial
spatiotemporal variabilities, the corresponding liquid content
and cloud-induced attenuation can vary strongly, although in
absolute terms the attenuation remains below 1 dB at the frewww.atmos-meas-tech.net/6/2181/2013/

quencies and elevation angles considered in this study (ITUR, 2012b). In the case of ice particles, the absorption coefficient is much smaller than that of water, such that these
particles do not play a significant role in the Ku band. Rain is
thus the major contributor to Ku-band attenuation, and both
absorption and scattering phenomena play an important role.
The attenuation per unit volume depends on the extinction
cross section of the water particles and their size distribution
profile. The latter varies noticeably both in space and time,
involving the specific dynamics of rain-induced attenuation,
which are different to those induced by gases or clouds.
2.1

Rain–atmospheric-attenuation relationship

Considering scattering effects, the rain-specific attenuation
kfpθ (t, l) [dB km−1 ] is related to the microphysical properties of rain at a given frequency f , polarization p (p = H ,
p = V or p = C for horizontal, vertical or circular polarization, respectively) and elevation angle θ, described by the
following expression:
D
Zmax

kfpθ (t, l) = 4343

N (D, t, l)σfpθ (D)dD,

(1)

Dmin

where N (D, t, l) [m−4 ] is the raindrop size distribution
(DSD), i.e. the number of drops per cubic metre per unit
increment of spherical equivolume drop diameter D [m]
(i.e. the diameter of a sphere with the same volume)
present in the atmosphere at location l and time t, and
σfpθ (D) [m2 ] is the extinction cross section for a raindrop
of diameter D [m].
The rain attenuation ARain
fpθ (t) [dB] is thus obtained by
integrating the specific attenuation along the slant path of
length L:
ARain
fpθ (t) =

ZL
kfpθ (t, l)dl.

(2)

0

Atmos. Meas. Tech., 6, 2181–2193, 2013
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The extinction cross section σfpθ (D) of the raindrops depends on the transmitted frequency, the refractive index n of
the water, the size and shape of the raindrops, and the polarization and incidence angle of the electromagnetic wave. In
this study, σfpθ (D) is considered to be independent of location l, even though temperature variations can lead to slight
fluctuations in refractive index n as the drop falls through
the atmosphere. In the present study, a fixed temperature (set
to 10 ◦ C) and negligible induced errors in σfpθ (D) are assumed (Atlas and Ulbrich, 1977). Indeed, if the real temperature lies in the range 0–20 ◦ C, whereas a fixed temperature
of 10 ◦ C is assumed, the relative specific attenuation error at
12 GHz is approximately 2 % when the rain rate is equal to
10 mm h−1 , and approximately 5.5 % for a rain rate equal to
100 mm h−1 . Under these conditions, the rain profile along
the slant path of length L can be treated as if it were a single layer of rain, with an equivalent drop size distribution Ne
(D, t) [m−4 ] defined by

Ne (D, t) =

1
L

ZL
N (D, t, l)dl.

(3)

0

The equivalent specific attenuation kfpθ (t) can then be
expressed as
D
Zmax

kfpθ (t) = 4343

Ne (D, t)σfpθ (D)dD.

(4)

Dmin

The simple relationship describing rain attenuation can be
written as follows:
ARain
fpθ (t) = kfpθ (t)L.

(5)

In practice, although the DSD is generally unknown, by considering a gamma drop size distribution, the following empirical k–R power law can be used to relate the specific attenuation to the rain rate:
kfpθ (t) = afpθ R

bfpθ

(t),

(6)

This expression is shown to be an approximation, except in
the low frequency and optical limits (Olsen et al., 1978). In
the microwave domain, afpθ and bfpθ depend on frequency
and to a lesser extent on the drop size distribution, elevation
angle and polarization.
2.2

Accuracy of the k–R power law relationship

As shown above, the k–R relation depends on the equivalent DSD features, which are the drop concentration and the
shape of the DSD. These features depend on the atmospheric
conditions (convective or stratiform rain for example) and
their variability along the radio link L (i.e. the spatial scale
under consideration).
Atmos. Meas. Tech., 6, 2181–2193, 2013

Initially, a homogeneous layer with different DSD concentrations and shapes is considered. As pointed out by Jameson (1991), the k–R dependence on shape, for a homogeneous rain layer, is related to frequency. These authors show
that for frequencies close to 25 GHz, this dependence is
weak, whereas a stronger dispersion occurs at lower frequencies, especially when f < 9 GHz. In the case of the present
study, the use of 12 GHz links could be expected to be more
or less sensitive to the rain microphysics. In order to assess
its impact, 1 min drop size distributions were computed from
the raindrop dataset collected by a disdrometer (Delahaye et
al., 2006) over a period of 24 months between July 2008 and
July 2010. Through the use of an approach similar to that
proposed by Leijnse et al. (2010), for each DSD, the corresponding rain rate value R and specific attenuation values
kfp (Eq. 4) were calculated for 12 GHz using the Mie theory (with the drops assumed to be spherical). Under these
conditions, at a temperature equal to 10 ◦ C, the specific attenuations are found to be independent of polarization. Figure 1 shows the resulting scatter plot, in which the solid line
represents the power law fit. For the purposes of comparison, the dashed curve shows the power law model defined
in accordance with the standard International Telecommunication Union Recommendation (ref. ITU-R, 2009). It can
be seen that these two curves are very similar, and difficult
to distinguish from one another. This figure shows that microphysical discrepancies can lead to an error of ±7 mm h−1
in the case of rain rates greater than 10 mm h−1 . The rain
rate standard deviation varies from 0.2 to 6 mm h−1 when
the rain rate varies from 1 to 100 mm h−1 , with corresponding relative standard deviations (RSD) in the range between
20 and 6 %. This result shows that 12 GHz is a non-optimal
frequency for the retrieval of low rain rates, and that the proposed device would be better adapted to applications involving heavy rainfall events (flash flood forecasting, for example). The second column of Table 2 shows the coefficients obtained by computing linear regressions on the log(k)–log(R)
relationship, which are very similar to those given by the ITU
model (Table 2, columns 7, 8 and 9).
Concerning the variability of the DSD along the radio link,
the k–R relationship can be expected to be sensitive to aggregation over domains with different volumes. Numerous
studies dealing with radar measurements have investigated
the Z–R power law relationships (with Z representing the
reflectivity and R the rain rate). Morin et al. (2003) have empirically shown the existence of a scale dependency of the
Z–R law parameters, based on the study of co-located radar
and rain gauge data aggregated at different spatial scales.
These authors observed a rapid increase in the parameter a
as a function of scale, as well as a moderate decrease in the
parameter b. Recently, Verrier et al. (2012, 2013) used multifractal theory to quantify the impact of rainfall scaling properties on the Z-R relationship. These authors found that when
multifractal behaviour holds simultaneously for R and Z, the

www.atmos-meas-tech.net/6/2181/2013/

L. Barthès and C. Mallet: Earth–space link in the Ku band

2185

Table 2. Coefficients of linear regression and coefficients of determination obtained by performing linear regressions on log(k) and log(R)
scatterplots at a frequency f equal to 12 GHz and for integration times varying between 1 and 60 min. The last three columns indicate the
ITU recommendation coefficients corresponding to horizontal, circular and vertical polarizations, respectively, at the same frequency.

a
b
R2

1 min

5 min

10 min

30 min

60 min

ITU (H)

ITU (C)

ITU (V)

0.027
1.15
0.987

0.028
1.14
0.986

0.030
1.13
0.98

0.030
1.12
0.992

0.033
1.1
0.972

0.024
1.17
na

0.024
1.15
na

0.024
1.13
na

Figures

scales, and can thus allow k–R relationships to be derived at
different spatial scales. The raindrop dataset presented above
Data
was thus used to compute the DSD with integration times
Fit
varying between 1 and 60 min, from which the correspondITU (H)
100
ing k–R relationships were computed. It should be noted that
Verrier et al. (2011) have shown that the rain rate series follow multifractal statistics at the mesoscale and the subme80
soscale. In Table 2, the stability of the resulting coefficients,
associated with the high values of determination coefficient
(R 2 ≥ 0.972), shows that the k–R relationship is rather in60
sensitive to integration time, and thus to spatial scale (for the
frequency under consideration). The robustness of the k–R
40
relationship results from the fact that the exponent b is close
to 1 (1.17), leading to a less critical dependence on scale of
the parameters in the k–R relationship than of those used
20
in the Z–R relationships, for which b is close to 1.6. More
specifically, in the present case, KR (1.17) is equal to 0.03,
whereas KR (1.6) is equal to 0.12 in the case of reflectivity
0
0
1
2
3
4
5
6
radar. As an example, when integration times of 1 and 10 min
k (dB.km-1)
are considered, these values lead to a ratio of the prefactor a
in the and
k–RMie
and Z–R relationships respectively equal to 1.07
catter plot of rain rate versus specific attenuation computed from the drop size distribution
Fig. 1. Scatter plot of rain rate versus specific attenuation computed
or a frequency f equal to 12 GHz and a time resolution of 1 min. The continuous line and
indicates
1.31.the
The latter value shows that in the case of a radar
from the drop size distribution and Mie theory, for a frequency f
nding fitted k-R power law. The dotted line indicates the ITU power law for the horizontal
polarization.
sensor,
spatial-scale variability can lead to significant errors
equal to 12 GHz and a time resolution of 1 min. The continuous line
under
some
meteorological circumstances. Concerning the
indicates the corresponding fitted k–R power law. The dotted line
coefficient b, Table 2 shows that it remains almost constant
indicates the ITU power law for the horizontal polarization.
Tint = 5 mn
(relative error < 3.5 %), as predicted by the theory. The stability of the k–R relationship derived from scale properties
6 Z–R relationships can be characterized by
is relatively well confirmed by the empirical values listed in

Table 2, which lie in the range between 1 and approximately
4 b = constant
30 min, corresponding to spatial scales between a few hun(7)
,
KR (b)
2 a∝l
dred metres and a few km, in accordance with the path length
L considered in this study. As the estimated k–R parameters
where
K
(q)
defines
the
“moment
scaling
function”
of
rain
R
0
are very close to those provided by the ITU (recommendaof the q-th order, which entirely characterizes the statistics
-2 of the rain field. K (q) is usually determined by the knowltion: ITU-R, 2009), it was chosen to use these recommended
R
values throughout the remainder of the study. Figure 2 shows
edge
of
a
reduced
set
of
“universal”
parameters
(Schertzer
-4
the error statistics determined for specific attenuations, comand Lovejoy, 1987). The coefficient a should therefore be
puted using Eq. (4), when compared to those obtained using
-6 a power law of scale, with a scaling exponent that can be
Eq. (6) together with the ITU coefficients. A 5 min integrashown
(from
multifractal
theory)
to
be
positive
when
b
>
1,
-8
tion time was selected to represent a spatial scale compatiand negative when b < 1. In order to quantify the impact of
ble with the Earth–satellite path length L. The corresponding
-10 the scaling properties of rainfall, the study of the Z–R relabias lies in the range between 1 and 6 mm h−1 , with a relative
tionship carried out by Verrier et al. (2012, 2013) is applied to
-12
error of less than 10 %.
the k–R relationships in the present study. Under the assumpa= 0.027 b= 1.15 Tint = 1 mn R2= 0.987

Error (mm h-1)

Rain Rate (mm.h-1)

120

tion of a “frozen” atmosphere, an increase in integration time
0
10
20
30
40
60
80
can be considered as equivalent to the -1use of larger spatial
Rain Rate (mm h )

rror induced www.atmos-meas-tech.net/6/2181/2013/
on the rain estimation when the ITU power law is used for an integration time equal to 5
r each rain bin, the box-and-whiskers diagram indicates the median (central vertical line), and the
d upper quartiles (left and right edges of the box). The whiskers indicate the lower and upper limits of
bution, within 1.5 times the interquartile range, from the lower and upper quartiles, respectively.
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5
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k (dB.km-1)

Fig. 1. Scatter plot of rain rate versus specific attenuation computed from the drop size distribution and Mie
theory, for a frequency f equal to 12 GHz and a time resolution of 1 min. The continuous line indicates the
corresponding fitted k-R power law. The dotted line indicates the ITU power law for the horizontal polarization.
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Tint = 5 mn
6

Hard disk

2

Error (mm h-1)

0

Coaxial cable
(15 m)

RF Switch

4

Field
Analyser

USB

Micro
Calculator

LNBC

-2
-4

Fig. 3. Experimental setup.
Fig. 3. Experimental setup.

-6
-8

weather radar located at Trappes (close to Guyancourt) and
two rain gauges, also located at Trappes and Toussus le No-12
ble, were used. The distances between the LATMOS and
these locations are respectively 2.9 and 3.7 km. Figure 4
0
10
20
30
40
60
80
provides a map of the various sensor locations, as well as
Rain Rate (mm h-1)
the ground projection of the four Earth–satellite links (blue
lines).
Fig.
2.
Error
induced
on
the
rain
estimation
when
the
ITU
power
Fig. 2. Error induced on the rain estimation when the ITU power law is used for an integration time equal
to 5 The dataset can be summarized as follows:
-10

100

200

min. For each
rain
thefor
box-and-whiskers
diagram
indicates
median
line), and the
law
isbin,
used
an integration
time equal
tothe
5 min.
For(central
each vertical
rain bin,
– of
Eight received
lower and upper
(left and right diagram
edges of theindicates
box). The whiskers
indicate
the lower
and upper limits
300
the quartiles
box-and-whiskers
the median
(central
vertithe distribution, within 1.5 times the interquartile range, from the lower and upper quartiles, respectively. ranging from 1

cal line), and the lower and upper quartiles (left and right edges of
the box). The whiskers indicate the lower and upper limits of the
distribution, within 1.5 times the interquartile range, from the lower
and upper quartiles, respectively. 21

ch (t) time series, with “ch”
signal PREC
to 8 (4 satellites, each with 2 channels),
with a 10 s sampling resolution obtained by applying a
re-sampling algorithm to the original time series.

400

500

– two hourly accumulated rainfall time series, R RG1 (t)
and R RG2 (t), obtained with the two rain gauges.
600

3

Experimental setup

– Twenty thousand radar rain rate maps R rad (t) with a
spatial resolution of 1 × 1 km2 and a 5 min temporal
resolution. The relationship used to convert radar reflectivity
into
rain rate
was
identical
Fig. 4. factors
Locations of
the different
sites and
satellite
path linksto that
used operationally by Météo-France (Tabary, 2007).
The period under consideration includes most of the
rainfall events which occurred between 23 July and
15 December 2010.
700

800

The experimental system was installed at the LATMOS (Laboratoire Atmosphères, Milieux, Observations Spatiales) in
Guyancourt, close to Paris, during the summer and autumn of
2010. The microwave signals from four geostationary satellites (NSS7, AB1, Thor 5/6, and Hot Bird 6/8/9) were received in horizontal polarization, using a 90 cm diameter
multifocus dish antenna. The observed satellite elevations
were close to 30◦ . For each satellite, two 30 MHz wide Kuband channels were received and down-converted to L-band
signals by four low-noise block converters (LNBC). An RF
switch allowed for sequential selection of one of the L-band
signals, which was then fed to a field analyser. The latter device has an accuracy of 0.1 dB and is operated in spectrum
mode, with a 4 MHz bandwidth sequentially centred on each
of the selected channels. The measured signal level was determined by averaging five consecutive measurements, and
the averaged value was then stored in a microcomputer used
for data-logging purposes. The acquisition routine sequentially records each of the eight channels, with a 2 s sampling period per channel, leading to a total sampling period
equal to 16 s (4 satellites × 2 channels × 2 s). The experimental setup is shown in Fig. 3. The frequencies used for
each link are listed in Table 3. It should be noted that in this
case, the influence of water on the antenna was not taken into
account, and will be discussed in Sect. 4.1.
Independent co-located rain observations were also considered in order to evaluate the performance of the proposed
Ku device: C-band rain rate maps provided by Météo-France
Atmos. Meas. Tech., 6, 2181–2193, 2013
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200

300

400

500

600

700

800

900

1000

1100

In this initial feasibility study, each of the eight available
channels was used independently. Channel 1 was used to develop the algorithms (Sect. 4), such that seven different values of rain rate could then be estimated from the remaining
channels. As these values were found to be quite similar, only
those obtained with channel 7 are presented in Sect. 5.
Since microwave links provide path-averaged measurements, the corresponding average radar path rain rates are
calculated from the rain maps by averaging the Rirad (t) radar
pixels traversed by the link beam, and weighted by the corresponding length of the link Li in each pixel.
For each of the eight received
22 channels ch, and each of
the available radar maps R rad (t), the average radar rain rate
along the Earth–satellite path can be determined using the
radar signals in a given channel by applying the following
expression:
P
Li Rirad (t)
rad
P
R ch (t) = iI
,
(8)
iI Li
where Rirad (t) is the i-th pixel (i ∈[1, 262144]) on the
map, I is the subset of pixels intersecting the satellite path
www.atmos-meas-tech.net/6/2181/2013/

Hard disk
RF Switch

Coaxial cable
L. Barthès and C.
Mallet:
Earth–space
link
in the Ku band
Micro
(15
m)
Field
USB

LNBC

2187

Calculator

Analyser

Table 3. Frequency [MHz] of the microwave links used in the test campaign.
Channel

Satellite

Frequency
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12 604
11 694
12 722
12 547

5
6
7
8

1
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Fig. 3. Experimental
setup.
2
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AB1
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Frequency (MHz)

Thor 5/6
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12 688
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Fig. 4. Locations of the different sites and satellite path links.
Fig. 4. Locations of the different sites and satellite path links

corresponding to channel “ch”, and Li is the length of the
link inside the i-th pixel.
rad
Finally, four time series R ch (t) were obtained with a 5 min
temporal resolution, representing the path-averaged rain rates
on each Earth–satellite link derived from the radar measurements.
In the case of the rain gauges, the two time series
R RG1 (t) and R RG2 (t) were simply averaged in order to
RG2
ch1 (t),
obtain R
(t). Figure 5 shows the time series PREC
rad

R ch1 (t), R RG (t) for a 10-day period. Each rainy period is
clearly characterized by a temporary fall in received signal strength, revealed by a negative pulse. The precipitation
events can also be seen on the radar and rain gauge time series. It should be noted that the received signals are significantly affected by daily fluctuations
(∼ 1 dB) resulting from
22
apparent satellite motion and antenna aperture effects, as well
as a negative trend due to a decrease in atmospheric temperature and/or water vapour content. For all of these reasons, it
is very difficult to directly estimate a reference signal level,
from which the rain attenuation can be derived. As explained
in Sect. 4.2, correct estimation of the reference level requires
dry periods to be distinguished from rainy periods, and this
is achieved by analysing the observed fluctuations in signal
strength.

The received signal strength (PREC ) expressed by Eq. (8)
combines the parameters related to instrumental and geometric characteristics, such as the satellite transmitter power
(PE ), the transmitter and receiver antenna gains GE , GR ,
the free-space attenuation AF and the tropospheric attenuation (ATrop ). Wet antennae can introduce additional attenuation effects, depending on the type of antenna (Schleiss et
al., 2013; Crane, 2002; Leijnse et al., 2008). To minimize
such effects, a super hydrophobic coating was applied to the
dish and the horn. This type of coating is efficient, and even
though it does not completely eliminate the presence of all
raindrops, the attenuation produced by residual raindrops on
the ground antenna is sufficiently small to be neglected, and
thus does not appear in Eq. (8). Moreover in the case of
Earth–space microwave links, only the ground antenna can
become wet.
PREC (t) = PE (t) + GE (t) + GR (t) − AF (t) − ATrop (t) (dB) (9)

In practice, PE and GE remain almost constant, whereas GR
and AF vary slowly over time due to apparent satellite motion. The tropospheric attenuation ATrop is critically dependent on satellite elevation and the frequency band under consideration. In the Ku band, although oxygen (AOxygen ), liquid
water in clouds (ACloud ), water vapour (Avapour ) and scintillation (AS ) have an influence on signal strength, rain (ARain )
is the dominant contributor to the overall attenuation.
ATrop (t) = AS (t) + AOxygen (t) + ACloud (t)
+AVapour (t) + ARain (t) (dB)

(10)

For the purposes of estimating the rain attenuation (ARain ),
Eq. (8) is expressed as follows:
PREC (t) = PREF (t) − ARain (t) (dB),

(11)

where PPREF (t), which is called the reference level or baseline, is given by
PREF (t) = PE + GE + GR − AF − AS (t)
−AOxygen (t) − ACloud (t) − AVapour (t) (dB).

(12)

In the absence of rainfall, we have
PREC (t) = PREF (t) (dB).
www.atmos-meas-tech.net/6/2181/2013/
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Fig. 5. Example of recorded time series: received signal (blue
curve), radar rain rate (red curve) and 1 h accumulated rainfall time
series (dashed green curve).

As the reference level is observed directly during non-rain
situations, during rainfall events its value must be estimated
from the reference level obtained during dry periods (Fig. 6),
and it is thus essential to develop an algorithm allowing for
dry periods to be differentiated from rainy periods. Once the
reference level is known, Eqs. (5), (6) and (9) allow for the
KU
corresponding rain rate R ch (t) to be estimated.
4.2

The rain–no-rain detection algorithm

Each of the atmospheric processes involved has its own dynamics, and contributes differently to the attenuation of the
propagating electromagnetic wave. As a consequence of its
strong heterogeneity, rain leads to much more rapid temporal fluctuations of the received signal than gases or clouds.
In order to distinguish between dry and rainy periods, an approach similar to those described by Kaufmann and Rieckermann (2011) and Schleiss and Berne (2010) is proposed.
The various characteristics (trends, standard deviation, kurtosis, skewness) of the observed Ku-band signal received on
channel 1 were computed using different window sizes centred on current time, and ranging from 100 s to 1 h. The radar
data were used to determine the corresponding state of the atmosphere (rainy or dry). The statistical distributions of these
rainy and dry period characteristics were compared in order
to test their ability to discriminate between these two states.
The selected window width W should not be too large, since
it determines the time delay needed to obtain the estimate.
Since the aim of this study is to develop a sensor allowing
for near-real-time observations to be made, the time windows
were chosen to be as small as possible, whilst ensuring good
discrimination.
Two characteristics were selected (see Eq. 10): the standard deviation for a 30 min time window, and the local trend
Atmos. Meas. Tech., 6, 2181–2193, 2013

over a 4 min time window.

#
"
L

P
1

1
2

(PREC (n + i) − P̄REC (n)) 2
std(PREC (n)) = 2W +1



i=−L




L
P

PREC (n + i) and W =100
with P REC (n)= 2W1+1
(14)
i=−L



L
P



Trd(PREC (n)) = W1
ai PREC (n + i)



i=−L


with a = (−1, −1, . . . − 1, 0, 1, . . .1) and W =10
The aim of this approach was to develop a pattern classifier,
providing an appropriate rule for the assignment of each sample PREC (n) into one of the two classes (rainy or dry). Since
the optimal boundary between the two regions, referred to as
a decision boundary, is non-linear, it was considered preferable to make use of an artificial neural network. The so-called
multi-layer perceptron (MLP) algorithm used here, which
is able to learn complex (non-linear) and multi-dimensional
mapping from a collection of examples, is an ideal classifier
(Haykin, 1999); the MLP is defined by its topology, namely
the dimensions of the input and output vectors and the number of hidden neurons, and by its weights. A training process is needed to determine the optimal weights. This step
is called the training process, and requires a representative
database comprising a wide set of input and output vectors
(X n , Y n ):
 n
X =
[std(PREC (n)), Trd(PREC (n))]



rad



0 if R ch1 (n) < 0.1 mm h−1




belongs to a dry period
(15)
n

rad
Y = 
−1

1 if R ch1 (n) > 0.1 mm h






belongs to a rainy period.
The training database comprises half of the dataset measured
by channel 1 (1 336 201 samples), whereas the other half is
used to determine the optimal architecture (six hidden neurons) in terms of generalization ability. The generalization
property makes it possible to train an MLP with a representative set of input/target pairs, and to obtain good results
when predicting unseen input samples. Following training,
the MLP output provides a direct estimation of the posterior
probabilities (Zhang, 2000), as shown in Fig. 7a.
Once it has been determined, the MLP can be applied to
the entire dataset for the purposes of identifying dry and rainy
www.atmos-meas-tech.net/6/2181/2013/
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in detail below.
Following the identification of dry and rainy periods based
on MLP analysis of the received signals, the reference level
is interpolated during rainy periods, allowing for the rain attenuation ARain (t) to be estimated. Using Eq. (12) to express
the geometric path length L (ITU-R, 2009),20the specific attenuation kfpθ (t) can be estimated using Eq.18(5).
1

0
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R −hS
L = hsin(θ)
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16

(16)

14

Rain rate (mm/h)

where hR is the altitude of the top of the layer of rain and h0 is
12
the annual average altitude above mean sea level of the 0 ◦ C
isotherm. According to the ITU-R (2001) recommendation,
10
the latter parameter can be taken to be 3 km in the present
case. The parameter hS is the altitude of the8 ground station
and θ is the elevation angle. Finally, the corresponding
rain
6
KU
rate R ch1 (t) is given by Eq. (6). The probability threshold Po
(determined as 0.55) is chosen so that the CDF4 corresponding
KU
to the 1 h accumulated R ch1 (t) is as close as 2possible to that
KU
of R ch1 (t) (see Fig. 8). It should be noted that this thresh0
16:48
old gives a percentage of rain similar to that
obtained over
the same period with a disdrometer, located 10 km from the
receiver, when a 0.1 mm h−1 threshold is applied.
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Fig. 9. Examples of time series recorded by the Ku device (red curve) and the radar (blue curve).
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sity time series measured by the rain radar and determined
with the Ku device were compared visually. The order of
magnitude and dynamics of the two measurements can be
seen to be similar (Fig. 9), even though these two quantities
cannot be rigorously equal as a consequence of the different
18:00
19:12
20:24
21:36
sampling
volumes, altitudes
and time
resolutions
involved in
Time
these two sets of data. Figure 10 compares the accumulated
rainfall recorded by the gauges
and rain radar, with the values
24
estimated from the received signals over a 4 month period.
accumulated
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i.e.device
a total (red
height
of 220and
mm,
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timesame
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the radar (bl
5 Validation and results
is determined by the radar and the Ku device, whereas the
rain gauges record a slightly higher value.
The method described in the preceding sections was used to
Figure 11 provides a comparison between the hourly acKU
estimate R ch7 (t). A characteristics vector X, corresponding
cumulated
rainfall measured by the radar and the Ku device
ch7 (t)
to channel 7, was computed from the time series PREC
(top), and between the rain gauge and the Ku device (botand then applied to the MLP, with which the threshold Po
tom). The quantile–quantile plots (left-hand side of the figwas used to discriminate between rainy and dry periods. In
ure) are relatively close to the diagonal, showing that the 1 h
order to quantify the performance of the device and associaccumulated rainfall distributions are quite similar. Error box
rad
ated algorithm, comparisons were then made with R ch7 (t)
plots are provided on the right-hand side of this figure. The
RG
and R (t) using different criteria. Firstly, the rainfall intenmedian values are close to zero, especially in the case of the
www.atmos-meas-tech.net/6/2181/2013/

Atmos. Meas. Tech., 6, 2181–2193, 2013

2190

L. Barthès and C. Mallet: Earth–space link in the Ku band
10
Radar
Ku
Pluv

Accumulated rainfall (mm)

200

150

100

4

8

2
Error (mm)

1-hour Cumulated radar rainfall (mm)

250

6
4

0

-2

2
0
0

2

4

6

8

-4

10

0

1-hour Cumulated Ku device rainfall (mm)

1
2
3
4
1-hour radar cumulated rainfall (mm)

6

0

20

40

60
Time (Days)

80

100

120

10
8

Fig. 10. Accumulated rainfall determined using the radar data (blue curve), rain gauge (green curve) and KuFig. 10. Accumulated
rainfall determined
using
radar
data (blue
band attenuation measurements
(red curve), over
a 4 the
month
period..

6

curve), rain gauge (green curve) and Ku-band attenuation measurements (red curve) over a 4 month period.

4

comparison between the Ku device and the radar, with the
exception of the intermediate value of accumulated rainfall
(−1.3 mm). In the case of both box plots, it can be seen that
the width of the boxes, defined as the separation between the
25th and 75th percentiles, increases when the accumulated
rainfall increases. Several explanations are proposed for this
phenomenon in the following paragraph.

Rainfall event case studies
Eight rainfall events of various intensities and durations were
selected. Although these cannot be considered to be representative of the local rainfall climatology, they nonetheless
make it possible to highlight several features of the Ku-band
rainfall data. The dates, durations, maximum rain rates and
quantities of rain estimated by the radar, the rain gauges
and the Ku device are provided in Table 4. The events are
sorted by increasing duration. Note that the maximum rain
rates Rmax are obtained with different integration times, depending on the type of measurement (rain gauges: 1 h, rain
radar: 5 min, Ku device 1 s). It can be seen that the quantities
of rain estimated by the radar and the Ku-band sensor are
relatively close to each other 25(deviation < 15 %) for events
lasting between 1 and 3 hours (events 3, 4, 5 and 6). However, this is not the case for very brief (< 1 h) events, nor for
long rainfall events (> 6 h). In the case of the short-duration
events (events 1 and 2), the maximum values of Rmax for the
rain radar and Ku device are relatively close to each other,
although it is difficult to compare the measured quantities of
rain as a consequence of the small size of the rain cells. Indeed, in the case of small rain cells traversed more or less
perpendicularly by the microwave link, the cell is observed
for only a few seconds or minutes, whereas it is observed for
a longer period of time in the corresponding rain radar pixel,
since the latter are much greater in size (1 km) than those corresponding to the microwave link (a few metres). Thus, the
two instruments may not necessarily have observed exactly
Atmos. Meas. Tech., 6, 2181–2193, 2013
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the same phenomena. In the case of long-duration rainfall
events (events 7 and 8), the reason for the discrepancy in the
observations is completely different. The simple interpolation technique used to calculate the reference level appears
to have been unsuitable because of daily variations of reference level, and a more sophisticated method should be used
in the future. It should be noted that in all cases, there are
several reasons for which it is difficult to compare the results obtained with these two devices: (i) it is well known
that the radar Z–R equation sometimes overestimates or underestimates the rain rate, (ii) the path length L can be underor over-estimated if the 0◦ isotherm is not sufficiently well
known, and (iii) in the presence of high rainfall rates, associated with very strong spatial heterogeneities, significant differences can occur because the26instruments do not see the
same volume of the atmosphere.

6

Conclusions

Ku-band microwave sources on geostationary satellites, such
as those used in telecommunications or broadcasting, can potentially be used for the estimation of rainfall. A low-cost,
ground-based microwave system allowing for atmospheric
attenuation to be estimated along Earth–satellite links was
developed in order to investigate the opportunistic use of
these microwave sources in the frequency band between 10.7
and 12.7 GHz. Although this band is not optimal for the estimation of weak rainfall rates, due to its lack of sensitivity, it
appears to be a good choice when the rainfall rate increases,
since in this case the attenuation rarely exceeds 12 dB, even
www.atmos-meas-tech.net/6/2181/2013/
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Table 4. Features of the eight selected events.

Ev. #
1
2
3
4
5
6
7
8

Date
23 July
16 October
03 October
04 August
02 August
07 September
23 August
08 November

Duration
(h)

Rmax Rad
(mm h−1 )

Rmax Pluv
(mm h−1 )

Rmax Ku
(mm h−1 )

Amount
Rad (mm)

Amount
Pluv (mm)

Amount
Ku (mm)

0.6
0.8
1.5
1.65
1.7
2.9
6.0
9.2

25.8
7.3
14.4
30.3
19.7
7.9
8.4
12.5

–
–
1.6
0.9
9.1
4.3
3.7
4

22.1
8.3
20.5
28.4
40
8.1
16.6
7.1

5.8
1.7
4.9
5.4
5.7
8.3
4.6
12.2

–
–
1.6
1
9.1
7
5.4
10.3

3
0.9
5.6
4.8
6.7
7.8
7.6
5.4

in the presence of very heavy rainfall, and the signals can
be measured without difficulty even with a parabolic antenna
of standard dimensions (90 cm). Nevertheless the use of Kuband microwave sources could be very useful in the context of risk management (flash flood) or urban hydrology, for
which high rain rates have more importance. Finally, because
of their spatial resolution close to that of radar, we could also
consider their use for calibration of ground or space precipitation radar.
A four month measurement campaign was carried out, following which a multi-layer neural network was used to distinguish between dry and rainy periods, on the basis of the
received signal, thus allowing for the attenuation produced
by rain along the path of the Ku-band link to be estimated.
ITU models were then used to convert rain attenuation into
a rainfall rate. Good agreement is found between the values determined with the Ku device, weather radar and rain
gauges, not only in terms of total accumulated rainfall but
also in terms of hourly rainfall distributions. In the case of 1 h
accumulated rainfall, discrepancies of as much as 30 % can
occur between the radar and Ku device observations. This
is explained by the large differences in sample volume and
integration time used with these two devices, which do not
“see” exactly the same parts of the atmosphere. These differences can become particularly significant during heavy rainfall events, which are generally associated with very strong
spatial heterogeneities. Although the results presented here
provide validation of the proposed technique which is only
partial, and despite the simplicity of some of the models and
the use of empirical formulas, these initial results are promising. Since the parameter b of the k–R law is close to 1, the
variability of the DSD along the Ku-band link does not play
an important role. Nevertheless, some variations in attenuation, not induced by rain, may occur, as in the case of heavy
rain events, which are known to exhibit complex spatial and
temporal structures with strong temperature gradients and a
complex vertical humidity profile. Moreover, in this study,
the possible presence of hail, wet snow or a melting layer
is not taken into account. An attenuation of approximately
0.2–0.3 dB can be expected in the Ku band when a melting

www.atmos-meas-tech.net/6/2181/2013/

layer is present, i.e. mainly during stratiform events. However, when non-precipitating clouds with a melting layer are
present just before a rainfall event, the resulting attenuation
(due to the clouds and the melting layer) is “embedded” into
the reference level estimation, and consequently does not
lead to a strong error in the rain attenuation estimation. It is
difficult to compare the results presented here with those obtained by Maitra et al. (2007), who compared rain attenuation
with values determined with a co-localized disdrometer and a
simple attenuation model (SAM) (Stutzman and Yon, 1986).
These authors conclude that “the discrepancy becomes significant when the rain rates are large (above 30 mm h−1 ) and
the corresponding rain cell size is small”. They explain that,
in the case of high rain rates, the rain rate decay parameter
used in the SAM is no longer valid, and that as a consequence
no meaningful conclusions can be drawn.
Several possibilities could be investigated to improve the
performance of the technique proposed in the present study,
during which each of the available channels (i.e. one frequency and one polarization) was used independently to
estimate different values of rain rate. In future test campaigns, the combined use of several channels, corresponding
to different frequencies or polarizations, should improve the
global performance of this technique. In the case of longduration rain events (> 3 h), improvements are still needed,
especially for the evaluation of the reference level of attenuation. Indeed, in the present study, a simple linear interpolation of dry period data was used. This approach is sufficient for short periods only, during which the reference level
is affected by small variations. For observations made over
longer periods, a more sophisticated estimation of the reference level is needed. As an example, this could be achieved
by representing the reference level by a state-space model associated with a Kalman filter. ITU models were used for the
k–R relationship and to estimate the Ku-band path length.
Although the results of this study show that the ITU k–R relationship is perfectly suited to this problem, this may not
be the case when it comes to the path length estimation.
Other models have been described, such as that proposed by
Adhikari et al. (2011), and these should also be tested.
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The present study deals with the estimation of rainfall
rate, using Ku-band attenuation over a single path link. In
the future, the use of several simultaneous links associated
with tomography or assimilation methods, based on an approach similar to that of Zinevich et al. (2008, 2009) or
Giulli et al. (1997, 1999), could be applied to the estimation of small-scale rainfall fields, and could be helpful in hydrological applications, flash flood forecasting and weather
radar calibration.
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Chatelet from Météo-France for various fruitful discussions on the
topic of radar data processing.
Edited by: F. S. Marzano

References
Adhikari, A., Das, S., Bhattacharya, A., and Maitra, A.: Improving
rain attenuation estimation: modelling of effective path length
using ku-band measurements at a tropical location, Prog. Electromagn. Res. B, 34, 173–186, 2011.
Atlas, D. and Ulbrich, C. W.: Path- and Area-Integrated Rainfall
Measurement by Microwave Attenuation in the 1–3 cm Band, J.
Appl. Meteor., 16, 1322–1331, 1977.
Berne, A. and Uijlenhoet, R.: Path-averaged rainfall estimation using microwave links: Uncertainty due to spatial rainfall variability, Geophys. Res. Lett., 34, L07403,
doi:10.1029/2007GL029409, 2007.
Crane, R. K.: Analysis of the effects of water on the ACTS propagation terminal antenna, Antennas and Propagation, IEEE Trans.,
50, 954–965, 2002.
Delahaye, J. Y., Barthès, L., Golé, P., Lavergnat, J., and Vinson,
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