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Abstract. The present study deals with the development of1 Introduction
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 off he accurate measurement of medium-scale rain intensity
a few kilometres. The ground-based power measurement@nd the precise localization of precipitation are important
which are made using the Ku-band television transmissiond@sks in the study of the water cycle, and also represent ma-
from several different geostationary satellites, are based ol components of the physics of climate. Moreover, the var-
the principle that the atmospheric attenuation produced byOUS issues arising from the variability of precipitation over
rain encountered along each transmission path can be usdti"® and space are not only scientific. Knowledge of rain-
to determine the path-averaged rain rate. This kind of devicdall variability in the short term (extreme events) and long
could be very useful in hilly areas where radar data are nofe€rm (management of water resources) can also be benefi-
available or in urban areas where such devices could be di¢ial in terms of the avoidance of human and material damage
rectly placed in homes by using residential TV antenna. caused by these phenomena. The present study investigates
The major difficulty encountered with this technique is an inexpensive microwave system used to observe rain at a
that of retrieving rainfall characteristics in the presence ofMedium spatial resolution and a high temporal resolution.
many other causes of received signal fluctuation, produced The most commonly used sensors for rainfall measure-
by atmospheric scintillation, variations in atmospheric com-Ments are weather radar, rain gauges, disdrometers and re-
position (water vapour concentration, cloud water content)Mote sensing satellites. Although the latter make it possible
or satellite transmission parameters (variations in emittecfO Monitor precipitation on a global scale, microwave sen-
power, satellite pointing). In order to conduct a feasibility SOrs using current technology must be positioned in a low
study with such a device, a measurement campaign was cafarth orbit, when measurements are needed with a resolu-
ried out over a period of five months close to Paris. tion of a few kilometres. The resulting observation frequency
The present paper proposes an algorithm based on an arifor & single satellite) is approximately twice a day, which is
ficial neural network, used to identify dry and rainy periods Very low when compared to the dynamics of rainfall events.
and to model received signal variability resulting from ef- Ground-based weather radar systems cover an area of ap-
fects not related to rain. When the altitude of the rain layerProximately 30000 krf, and have a revisit frequency of the
is taken into account, the rain attenuation can be inverted t@rder of a few minutes and a spatial resolution of approxi-
obtain the path-averaged rain rate. The rainfall rates obtaineately 1 km. The unavoidable costs and human resource re-
from this process are compared with co-located rain gaugeguirements of such radars make their implementation possi-
and radar measurements taken throughout the full duratio!e only in some specific regions of Earth. Rain gauges allow

of the campaign, and the most significant rainfall events arefOr SPot observations to be made with a variable time step,
analysed. depending on the rainfall intensity, and only in the presence

of a dense network of such sensors can the spatial variability
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of rainfall events be correctly observed. Furthermore, thedeployed for a long time. The present paper describes the
deployment and maintenance of such networks can be relmethod used to retrieve the path-averaged rain rate from Ku-
atively complex and expensive, especially in mountainousband signals received from geostationary satellites. In an ini-
areas, dense forests, wetlands, etc. tial step, the measurement principle is described, and the ex-
By working with operational point-to-point microwave pected accuracy of the Ku-band attenuation measurements
telecommunication links, Upton et al. (2005), Messer etis estimated. A time series of raindrop size distributions is
al. (2006), Leijnse et al. (2007), Zinevich et al. (2009), used to estimate the Ku-band attenuation and corresponding
Schleiss and Berne (2010), Kaufmann and Riecker-rainrate in order to study the influence on attenuation of rain
mann (2011), Wang et al. (2012), Overeem et al. (2013) andnhomogeneity and raindrop size distribution along the link
Fenicia et al. (2012) have shown that the path-averaged raipath. This section thus provides a relationship between atmo-
rate can be estimated from attenuation measurements. Hovgpheric attenuation and rain rate.
ever, ground-based microwave link attenuations are provided In a second step, the experimental device and the mea-
by local telecom operators, leading to many practical con-surement campaign designed to test the feasibility of rain-
straints (in particular, coarse precision due to quantizatiorfall measurements using this device are described. Ground-
errors and low temporal resolution (typically 15 min)). Fur- based power measurements were carried out by receiving
thermore, this type of data tends to be available mainly invarious Ku-band TV channels from different geostationary
urban zones, but not in rural areas. satellites. The experimental microwave system was installed
There are currently more than 200 geostationary satel¢lose to Paris during the summer and autumn of 2010. Other
lites deployed by broadcast or telecommunication compa-co-located rain observations (rain radar, rain gauges) used for
nies, transmitting relatively strong Ku-band (10.7-12.7 GHz) comparison are also presented.
microwave signals towards Earth and covering the en- The third step deals with proposed methods for the re-
tire globe. Positioned on quasi-geostationary orbits, theserieval of rain rates from the received microwave signal, and
satellites thus represent continuously available microwaveguantification of the expected rain rate accuracy. In practice,
sources, whose apparent positions remain relatively stableghe proposed device measures received power only; however,
When viewed from Earth, the apparent positions of thesethe reference level of the transmitted signal, relative to which
satellites nevertheless impose restrictions on the specific dithe rain attenuation is computed, remains unknown. In the
rections (and thus atmospheric locations) along which Ku-case of Earth—satellite microwave links, this problem is con-
band rain attenuation measurements can be made. siderably more complex than in the case of point-to-point mi-
In the Ku band, electromagnetic transmission can becrowave links, because the measured signal strength depends
strongly affected by rain attenuation together with otheron several factors, including not only the atmospheric atten-
less significant but considerably more frequent effects,uation resulting from a number of processes such as rain,
due to atmospheric gases (oxygen and water vapour) angnow, hail, graupel, water vapour concentration, cloud wa-
non-precipitating water (cloud). ter content, turbulence and air temperature, but also the posi-
In order to observe rainfall events at an intermediate resotion of the satellite when viewed from the ground. Most TV
lution, between that provided by radar and rain gauges, thesatellites are not in fact perfectly geostationary, since they
opportunistic use of these microwave sources was investihave quasi-circular (slightly elliptic) orbits, which do not lie
gated based on the use of a low-cost device requiring sigexactly in the equatorial plane: these are so-called geosyn-
nificantly less maintenance than a network of rain gaugeschronous orbits which, during the day, induce small relative
A passive ground-based microwave system, capable of egnovements of the satellite with respect to Earth. These, in
timating the average rain rate along the Earth—satellite linkturn, lead to small changes in the nominal direction of the
(hereafter referred to as a “Ku device”), was thus developedtransmitted microwave beam, and therefore to small fluctua-
Ground-based power measurements are achieved by receitions in the received signal level (depending on the antenna
ing Ku-band signals from several operational geostationaryaperture). In this section a method is proposed for the identi-
satellites, as was done in the experiments described by Kufication of dry and rainy periods, and for the estimation of the
mar et al. (2008), Maitra et al. (2007) and Ramachandran andignal reference level during rainy periods. Finally, by taking
Kumar (2004). The atmospheric attenuation along the Earth-the altitude of the rain into account, the estimated rain atten-
space link are then used to derive the path-averaged raination is retrieved, from which the path-averaged rain rate
rates. Table 1 summarizes the main characteristics of weathexan be obtained. The proposed algorithm remains simple be-
radars, rain gauge networks and the Ku device. The proposedause only one channel is used, at a fixed polarization and
device is as simple as possible; the final objective is in fact tofrequency; more-sophisticated solutions could be developed
define a measurement method that could be easily deployeih the future by making use of a greater number of channels,
by using existing dish antennas available everywhere in thet different frequencies and polarizations.
world. In fact, in many parts of the globe, subjected to sig- In the last section of this paper, the derived rain rates are
nificant climatic risk, no operational radar network is avail- compared with co-located rain gauge and rain radar mea-
able, while microwave systems for television reception aresurements. The statistics obtained from the full experimental
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Table 1.Main characteristics of weather radars, rain gauge networks and the Ku device.

Typical Typical Cost
temporal spatial (purchase and  Mainte-
resolution  resolution Area installation) nance
Radar 5min 1krA 30000 kn? ok ok
Rain gauge 1min-24h  Spot Proportional *k *kk
network #pluviometers
KU device using 10s 5-6 km 5-6km * *
one satellite
KU device using 10s ~1km?  ~20kn? * *
all available
satellites

period are presented, and, finally, the most significant rainfallquencies and elevation angles considered in this study (ITU-
events are analysed. R, 2012b). In the case of ice particles, the absorption coef-
ficient is much smaller than that of water, such that these
particles do not play a significant role in the Ku band. Rain is
2 Physical context thus the major contributor to Ku-band attenuation, and both
absorption and scattering phenomena play an important role.
Attenuation is the main factor influencing propagation over The attenuation per unit volume depends on the extinction
satellite microwave links. This phenomenon is due to thecross section of the water particles and their size distribution
presence of several types of atmospheric component: gasegyofile. The latter varies noticeably both in space and time,
clouds and rain along the propagation path (Ulaby et al.involving the specific dynamics of rain-induced attenuation,
1981). Concerning temporal and spatial variability, each ofwhich are different to those induced by gases or clouds.
these components has a different behaviour. In the case of
gas-induced attenuation, the extinction coefficient is equaR.1 Rain—atmospheric-attenuation relationship
to the absorption coefficient (Liebe et al., 1993). In the tro-
posphere, oxygen and water vapour are the only gases cofonsidering scattering effects, the rain-specific attenuation
tributing significantly to absorption in the microwave spec- kpo(t,1) [dBkm~'] is related to the microphysical proper-
trum. In the case of a satellite slant path, gaseous absorgles of rain at a given frequency, polarizationp (p = H,
tion can be considered to be homogeneous over the horizon2 =V or p = C for horizontal, vertical or circular polariza-
tal range of the link, and variations in gas-induced attenuadion, respectively) and elevation angle described by the
tion are caused mainly by variations in the quantity of waterfollowing expression:

vapour encountered along the slant path. Gaseous attenuation Dmax
never exceeds 0.3 dB at frequencies close to 10 GHz, and Ay (1,1) = 4343 f N(D,1,1)0 1 (D)dD, 1)
elevation angle of 30(ITU-R, 2012a). ‘

The interaction of electromagnetic waves with tropo- Drin

spheric water particles may involve both absorption and scat-\where N (D, 1, 1) [m—4] is the raindrop size distribution
tering, depending on the size of the particles relative to thepsD), i.e. the number of drops per cubic metre per unit
wavelength of the transmitted beam. More precisely, the atincrement of spherical equivolume drop diamefer[m]
tenuation per unit volume depends on the density, shapgj.e. the diameter of a sphere with the same volume)
size distribution and dielectric properties of the particles con-present in the atmosphere at locatibrand time ¢, and
tained in the volume. In the case of ||qU|d water in ClOUdS, Upr(D) [mz] is the extinction cross section for a raindrop
scattering effects are negligible, and the Rayleigh approxi-of diameterD [m].

mation can thus be used for frequencies up to approximately The rain attenuatiomRain() [dB] is thus obtained by
50 GHz (Liebe et al., 1993). The resulting attenuation is pro-j i ific bt i

¥ . g Pro-integrating the specific attenuation along the slant path of
portional to the integrated liquid water content present alongength L :

the link. As cloud coverage is characterized by substantial

spatiotemporal variabilities, the corresponding liquid content L
and cloud-induced attenuation can vary strongly, although inA?;"@”(t) = [kf,,@ (t,DHdl. 2
absolute terms the attenuation remains below 1 dB at the fre- 0
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The extinction cross sectiomy,e (D) of the raindrops de- Initially, a homogeneous layer with different DSD concen-
pends on the transmitted frequency, the refractive indek  trations and shapes is considered. As pointed out by Jame-
the water, the size and shape of the raindrops, and the polason (1991), th&k—R dependence on shape, for a homoge-
ization and incidence angle of the electromagnetic wave. Imeous rain layer, is related to frequency. These authors show
this study,o r,9 (D) is considered to be independent of loca- that for frequencies close to 25GHz, this dependence is
tion /, even though temperature variations can lead to slightveak, whereas a stronger dispersion occurs at lower frequen-
fluctuations in refractive index as the drop falls through cies, especially wherf < 9 GHz. In the case of the present
the atmosphere. In the present study, a fixed temperature (setudy, the use of 12 GHz links could be expected to be more
to 10°C) and negligible induced errors in,0 (D) are as-  or less sensitive to the rain microphysics. In order to assess
sumed (Atlas and Ulbrich, 1977). Indeed, if the real temper-its impact, 1 min drop size distributions were computed from
ature lies in the range 0-2C, whereas a fixed temperature the raindrop dataset collected by a disdrometer (Delahaye et
of 10°C is assumed, the relative specific attenuation error atl., 2006) over a period of 24 months between July 2008 and
12 GHz is approximately 2 % when the rain rate is equal toJuly 2010. Through the use of an approach similar to that
10mmh1, and approximately 5.5 % for a rain rate equal to proposed by Leijnse et al. (2010), for each DSD, the corre-
100 mmhL. Under these conditions, the rain profile along sponding rain rate valu® and specific attenuation values
the slant path of lengtii. can be treated as if it were a sin- ky, (Eq. 4) were calculated for 12 GHz using the Mie the-
gle layer of rain, with an equivalent drop size distributigg ory (with the drops assumed to be spherical). Under these
(D, 1) [m~*] defined by conditions, at a temperature equal to°) the specific at-
tenuations are found to be independent of polarization. Fig-
1 L ure 1 shows the resulting scatter plot, in which the solid line
Ne(D,t) = —/N(D, t,0)dl. (3) represents the power law fit. For the purposes of compari-
L .
0 son, the dashed curve shows the power law model defined
in accordance with the standard International Telecommu-
The equivalent specific attenuatioy,s (1) can then be pjcation Union Recommendation (ref. ITU-R, 2009). It can
expressed as be seen that these two curves are very similar, and difficult
to distinguish from one another. This figure shows that mi-

Drnax crophysical discrepancies can lead to an erratdim b1
kppo (1) = 4343/ Ne(D,1)o fpe(D)dD. (4)  in the case of rain rates greater than 10 mrhHThe rain
Drin rate standard deviation varies from 0.2 to 6 mm twhen

) ) ) . ) ) the rain rate varies from 1 to 100 mm+ with correspond-
Th_e simple relationship describing rain attenuation can bqng relative standard deviations (RSD) in the range between
written as follows: 20 and 6 %. This result shows that 12 GHz is a non-optimal
frequency for the retrieval of low rain rates, and that the pro-
posed device would be better adapted to applications involv-

In practice, although the DSD is generally unknown, by con—ing heavy rainfall events (flash flood forecasting, for exam-
sidering a gamma drop size distribution, the following em- ple). The second column of Table 2 shows the coefficients ob-

pirical k—R power law can be used to relate the specific at_tame_d by computing linear regressions on th_ek()}gI()g(R)
tenuation to the rain rate: relationship, which are very similar to those given by the ITU
model (Table 2, columns 7, 8 and 9).
kppo(t) =a,, RPmo (1), (6) Concerning the variability of the DSD along the radio link,
the k—R relationship can be expected to be sensitive to ag-
This expression is shown to be an approximation, except irgregation over domains with different volumes. Numerous
the low frequency and optical limits (Olsen et al., 1978). In studies dealing with radar measurements have investigated
the microwave domairy,, andb ,, depend on frequency the Z—R power law relationships (wittZ representing the
and to a lesser extent on the drop size distribution, elevatiomeflectivity andR the rain rate). Morin et al. (2003) have em-

AR =k ppo (1)L (5)

angle and polarization. pirically shown the existence of a scale dependency of the
Z-R law parameters, based on the study of co-located radar
2.2 Accuracy of thek—R power law relationship and rain gauge data aggregated at different spatial scales.

. ] These authors observed a rapid increase in the parameter
As shown above, thé—R relation depends on the equiva- 5 3 function of scale, as well as a moderate decrease in the
lent DSD features, which are the drop concentration and thﬁ‘z_)arameteb. Recently, Verrier et al. (2012, 2013) used multi-
shape of the DSD. These features depend on the atmosphetigctal theory to quantify the impact of rainfall scaling prop-
conditions (convective or stratiform rain for example) and grties on the Z-R relationship. These authors found that when

their variability along the radio link. (i.e. the spatial scale ytifractal behaviour holds simultaneously rndZ, the
under consideration).
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Table 2. Coefficients of linear regression and coefficients of determination obtained by performing linear regressionk) amtbgigR)
scatterplots at a frequengy 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.

Imin 5min  10min 30min 60min ITU(H) ITU(C) ITU (V)
a 0.027 0.028 0.030 0.030 0.033 0.024 0.024 0.024

b 1.15 1.14 1.13 1.12 1.1 1.17 1.15 1.13
R? 0.987 0.986 0.98 0.992 0.972 na na na
a=0.027 b= 1.15Tint = 1 mn R%= 0,987 scales, and can thus allow-R relationships to be derived at

different spatial scales. The raindrop dataset presented above
was thus used to compute the DSD with integration times
varying between 1 and 60 min, from which the correspond-
ing k—R relationships were computed. It should be noted that
Verrier et al. (2011) have shown that the rain rate series fol-
low multifractal statistics at the mesoscale and the subme-
soscale. In Table 2, the stability of the resulting coefficients,
associated with the high values of determination coefficient
(R?>0.972), shows that the—R relationship is rather in-
sensitive to integration time, and thus to spatial scale (for the
frequency under consideration). The robustness ofthe
relationship results from the fact that the exponieis close

to 1 (1.17), leading to a less critical dependence on scale of
the parameters in the-R relationship than of those used
in the Z—R relationships, for whiclb is close to 1.6. More
specifically, in the present caskg (1.17) is equal to 0.03,
whereasK i (1.6) is equal to 0.12 in the case of reflectivity
radar. As an example, when integration times of 1 and 10 min
k @Bk are considered, these values lead to a ratio of the prefactor
(jn thek—R and Z—R relationships respectively equal to 1.07
from the drop size distribution and Mie theory, for a frequerfey and 1.31. The latter value shows that in the case of a radar

equal to 12 GHz and a time resolution of 1 min. The continuous line SENSOT, spatial-scale variability can lead to significant errors

indicates the corresponding fittéetR power law. The dotted line unde'r some meteorological circymstan.ces. Concerning the
indicates the ITU power law for the horizontal polarization. coefficientd, Table 2 shows that it remains almost constant

(relative error< 3.5 %), as predicted by the theory. The sta-

bility of the k—R relationship derived from scale properties
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
30 min, corresponding to spatial scales between a few hun-
dred metres and a few km, in accordance with the path length

wherek (¢) defines the “moment scaling function” of rain L considered in this study. A; the estimateeR parameters

of the g-th order, which entirely characterizes the statistics @€ Very close to those provided by the ITU (recommenda-
of the rain field.K g(¢) is usually determined by the knowl- tion: ITU-R, 2009), it was chpsen to use these rgcommended
edge of a reduced set of “universal” parameters (SchertzeYalues throughout the remainder of the study. Figure 2 shows
and Lovejoy, 1987). The coefficieat should therefore be the error_statlstlcs determined for specific attenuatl_ons, com-
a power law of scale, with a scaling exponent that can bePutéd using Eq. (4), when compared to those obtained using
shown (from multifractal theory) to be positive whan- 1,  Ed- (6) together with the ITU coefficients. A Smin integra-
and negative wheh < 1. In order to quantify the impact of tion t!me was selected t_o represent a spatial scale cqmpatl—
the scaling properties of rainfall, the study of tdeR rela- ~ ble with the Earth—satellite path length The corresponding
tionship carried out by Verrier et al. (2012, 2013) is applied to Pias lies in the range between 1 and 6 mm twith a relative
thek—R relationships in the present study. Under the assump&Tor of less than 10 %.

tion of a “frozen” atmosphere, an increase in integration time

can be considered as equivalent to the use of larger spatial

Rain Rate (mm.h'l)

Fig. 1. Scatter plot of rain rate versus specific attenuation compute

b = constant
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weather radar located at Trappes (close to Guyancourt) and

-10¢ i ] two rain gauges, also located at Trappes and Toussus le No-
12} 1 ble, were used. The distances between the LATMOS and
- these locations are respectively 2.9 and 3.7 km. Figure 4

0 10 20 0 40 €0 8 provides a map of the various sensor locations, as well as

Rain R ht
ain Rate (mm ) the ground projection of the four Earth—satellite links (blue

Fig. 2. Error induced on the rain estimation when the ITU power lines). The dataset can be summarized as follows:
law is used for an integration time equal to 5 min. For each rain bin, . . . ch . . b
the box-and-whiskers diagram indicates the median (central verti- ~— E'ghf[ received S'gnaPREC(’,) time serlels, with “ch

cal line), and the lower and upper quartiles (left and right edges of ~ fanging from 1 to 8 (4 satellites, each with 2 channels),
the box). The whiskers indicate the lower and upper limits of the with a 10 s sampling resolution obtained by applying a
distribution, within 1.5 times the interquartile range, from the lower re-sampling algorithm to the original time series.

and upper quartiles, respectively. . . .
pperd P y — two hourly accumulated rainfall time serieBRC1 (r)

and RRCG2 (1), obtained with the two rain gauges.

3 Experimental setup — Twenty thousand radar rain rate maﬁ&"‘d(t) with a
spatial resolution of % 1km? and a 5min temporal
The experimental system was installed at the LATMOS (Lab-  resolution. The relationship used to convert radar re-
oratoire Atmosphres, Milieux, Observations Spatiales) in flectivity factors into rain rate was identical to that
Guyancourt, close to Paris, during the summer and autumnof  ysed operationally by Eteo-France (Tabary, 2007).
2010. The microwave signals from four geostationary satel- The period under consideration includes most of the
lites (NSS7, AB1, Thor 5/6, and Hot Bird 6/8/9) were re- rainfall events which occurred between 23 July and

ceived in horizontal polarization, using a 90cm diameter 15 December 2010.
multifocus dish antenna. The observed satellite elevations o o ) )
were close to 30 For each satellite. two 30 MHz wide Ku- N this initial feasibility study, each of the eight available

band channels were received and down-converted to L-ban§hannels was used independently. Channel 1 was used to de-
signals by four low-noise block converters (LNBC). An RF velop the algorithms (Sect. 4), such that seven different val-

switch allowed for sequential selection of one of the L-band €S ©f rain rate could then be estimated from the remaining
signals, which was then fed to a field analyser. The latter de€hannels. As these values were found to be quite similar, only

vice has an accuracy of 0.1dB and is operated in spectrunf0Se obtained with channel 7 are presented in Sect. 5.
mode, with a 4 MHz bandwidth sequentially centred on each SiNc€& microwave links provide path-averaged measure-
of the selected channels. The measured signal level was d&€Nts, the corresponding average radar path rain rates are

termined by averaging five consecutive measurements, ang@/culated from the rain maps by averaging Rjg(r) radar

the averaged value was then stored in a microcomputer usefX€ls traversed by the link beam, and weighted by the cor-

for data-logging purposes. The acquisition routine sequenf€SPonding length of the link; in each pixel.
For each of the eight received channels ch, and each of

tially records each of the eight channels, with a 2s sam- 4 rad )
pling period per channel, leading to a total sampling periodthe available radar map®'@“(r), the average radar rain rate

equal to 16s (4 satellites2 channelsc 2s). The experi- along the Earth—satellite path can be determined using the
mental setup is shown in Fig. 3. The frequencies used foradar signals in a given channel by applying the following

each link are listed in Table 3. It should be noted that in this®XPression.

case, the ianuepce of water on t'he antenna was not takeninto,_ | > ier LiR™P(1)

account, and will be discussed in Sect. 4.1. Ren (1) = Ty o (8)
Independent co-located rain observations were also con- iel ™t

sidered in order to evaluate the performance of the proposedhere R{ad(t) is the i-th pixel (i€[1, 262144]) on the

Ku device: C-band rain rate maps provided bgtb-France map, I is the subset of pixels intersecting the satellite path
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Table 3. Frequency [MHz] of the microwave links used in the test campaign.

Channel Satellite Frequency Channel Satellite Frequency (MHz)
1 NSS7 12604 5 Thor 5/6 12563
2 NSS7 11694 6 Thor 5/6 12688
3 AB1 12722 7 Hot Bird 6/8/9 12285
4 AB1 12547 8 Hot Bird 6/8/9 12617

4 Retrieval method
4.1 Reference level

The received signal strengthPfec) expressed by Eq. (8)
combines the parameters related to instrumental and geo-
metric characteristics, such as the satellite transmitter power
(Pg), the transmitter and receiver antenna gains GRr,
the free-space attenuatiotr and the tropospheric attenua-
tion (AT™P). Wet antennae can introduce additional attenu-
ation 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
Fig. 4. Locations of the different sites and satellite path links. raindrops, the attenuation produced by residual raindrops on
the ground antenna is sufficiently small to be neglected, and
thus does not appear in Eqg. (8). Moreover in the case of
corresponding to channel “ch”, and is the length of the Earth—space microwave links, only the ground antenna can
link inside thei-th pixel. become wet.

. . . —rad . . .
Finally, fourUme serieR ., (t). were obtained witha 5 MmN pecc(t) = Pe(t) + Ge(t) + Gr(t) — Ar(t) — ATP(r) (dB) (9)
temporal resolution, representing the path-averaged rain rates _ _
on each Earth—satellite link derived from the radar measureln practice,Pe andGg remain almost constant, where@g
ments. and Ar vary slowly over time due to apparent satellite mo-

In the case of the rain gauges, the two time seriestion. The tropospheric attenuation’™P is critically depen-
RRSY(1) and RRG2(r) were simply averaged in order to denton satellite elevation and the frequency band under con-

obtain RC2(r). Figure 5 shows the time seriegSiL(), sideration. In the Elu band, although oxygetf¥9en, liquid
—rad  — i ) ~7' water in clouds 4©'°U%) water vapour 4¥3P°" and scintil-
Ren(1), Rra(t) for a 10-day period. Each rainy period is |a5on (4s) have an influence on signal strength, ra®gim)
clearly characterized by a temporary fall in received sig-js the dominant contributor to the overall attenuation.
nal strength, revealed by a negative pulse. The precipitation

events can also be seen on the radar and rain gauge time s8-°P(t) = AS(t) + A9Y9r) + ACloud(p)

ries. It should be noted that the received signals are signifi- 4+ AVaPour;) 1 ARaN;)  (dB) (10)
cantly affected by daily fluctuations-(1 dB) resulting from o i oRe)
apparent satellite motion and antenna aperture effects, as wel°" the purposes of estimating the rain attenuation(),
as a negative trend due to a decrease in atmospheric tempérd- (8) is expressed as follows:

_ature ant_:llpr water vapour co_ntent. For all of thes_e reasons, ibpe(t) = Prer(t) — AR¥(¢)  (dB), (11)
is very difficult to directly estimate a reference signal level, o

from which the rain attenuation can be derived. As explainedVhere Pprer(z), which is called the reference level or base-
in Sect. 4.2, correct estimation of the reference level requiredin€ is given by

_dry phe_riodz tg) be dlistingu;f]hedbfrom r;\ifrlly ;t)eritqu, gnd_thisIPREF(t) — Pe+Gg+Gr— Ar — AS(1)

is achieve analysing the observed fluctuations in signal

Srength, y ysing g — AOxyger _ACIoud(t) _ AVaPouTsy (). (12)

In the absence of rainfall, we have

Prec(t) = Prer(t) (dB). (13)
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Reference level Estimated Reference
\ / level

Dry period

Dry period

Rain attenuation Ay(t)

Fig. 6. Received signal during a rain event.

Aftenuation (d8)  Rain Rate (mm/h)

over a 4 min time window.

Fig. 5. Example of recorded time series: received signal (blue L _ 1
curve), radar rain rate (red curve) and 1 h accumulated rainfall time | Std( Prec(n)) = Wlﬂ > (Prec(n+i)— PRE(;(n))2 2
series (dashed green curve). i=—L

_ L
with Prec(n)=zg; 3. Prec(n+i) and W=100

=
L

Trd(Prec(n)) = ¢ Y. ai Prec(n +i)

As the reference level is observed directly during non-rain ith i=—L 4 w=

situations, during rainfall events its value must be estimated with ¢ =(-1,-1,...-1,0,1,...1) and W=10

from the reference level obtained during dry periods (Fig. 6), The aim of this approach was to develop a pattern classifier,
and it is thus essential to develop an algorithm allowing for providing an appropriate rule for the assignment of each sam-
dry periods to be differentiated from rainy periods. Once thep|e Prec(n) into one of the two classes (rainy or dry). Since
reference level is known, Egs. (5), (6) and (9) allow for the the optimal boundary between the two regions, referred to as
corresponding rain ra’rﬁﬁJ (1) to be estimated. a decision boundary, is non-linear, it was considered prefer-
able to make use of an artificial neural network. The so-called
multi-layer perceptron (MLP) algorithm used here, which
4.2 The rain—no-rain detection algorithm is able to learn complex (non-linear) and multi-dimensional
mapping from a collection of examples, is an ideal classifier
oo th amospherc processes ot s s oun T, 1555 1 ML S Seeai 1 ko, fameh
namics, and contributes differently to the attenuation of theber of hidden neurons, and by its weights. A training pro-

propagating electromagnetic wave. As a consequence of it8ess is needed to determine the optimal weights. This step

strong hetgrogeneny, rain !eads to much more rapid MDPOrs called the training process, and requires a representative
ral fluctuations of the received signal than gases or clouds

In order to distinguish between dry and rainy periods, an ap-?;?ﬁa[ﬁ?e comprising a wide set of input and output vectors
proach similar to those described by Kaufmann and Rieck-" *~

ermann (2011) and Schleiss and Berne (2010) is proposed| X" = [Std(Prec(n)), Trd(Prec(n))]

The various characteristics (trends, standard deviation, kur- 0 if ﬁ?ﬁdl(n) <01 mmh1l
tosis, skewness) of the observed Ku-band signal received o belongstoadry period (15)

channel 1 were computed using different window sizes cen-
tred on current time, and ranging from 100 s to 1 h. The radar
data were used to determine the corresponding state of the at
mosphere (rainy or dry). The statistical distributions of theseThe training database comprises half of the dataset measured
rainy and dry period characteristics were compared in ordeby channel 1 (1336 201 samples), whereas the other half is
to test their ability to discriminate between these two statesused to determine the optimal architecture (six hidden neu-
The selected window widti should not be too large, since rons) in terms of generalization ability. The generalization
it determines the time delay needed to obtain the estimateproperty makes it possible to train an MLP with a repre-
Since the aim of this study is to develop a sensor allowingsentative set of input/target pairs, and to obtain good results
for near-real-time observations to be made, the time windowsvhen predicting unseen input samples. Following training,
were chosen to be as small as possible, whilst ensuring goothe MLP output provides a direct estimation of the posterior
discrimination. probabilities (Zhang, 2000), as shown in Fig. 7a.

Two characteristics were selected (see Eq. 10): the stan- Once it has been determined, the MLP can be applied to
dard deviation for a 30 min time window, and the local trend the entire dataset for the purposes of identifying dry and rainy

1if RES(m) > 0.1 mmh?
belongstoarainy period
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Ku
Rad
Pluvio [

Trend
o

0 0.2 04 0.6 08 1
Std dev.

Percentage of rain (%)

Fig. 7. () MLP output: posterior rain class probabilify) Bound-

ary of the classifier (green solid line), samples corresponding to the
dry class are in blue, and samples corresponding to the rainy class
are in red.

episodes. The discriminating rule is simple: assign sample
to the rainy class it’” > Py, or to the dry class it” < P,.
Figure 7b provides a plot of the boundary (solid line) be- Fig. 8. Percentage of rain vs. 1 h accumulated rain threshold for the
tween the two classes. The determinatiorPgfis described radar time series (green), rain gauges (red) and KU device (blue) for
in detail below. a thresholdPy = 0.55.

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 at-
tenuationARaN(¢) to be estimated. Using Eq. (12) to express
the geometric path length (ITU-R, 2009), the specific at-
tenuationk ¢, (1) can be estimated using E&)(

Threshold (mm)

L — hgfhs
= Sine) (16)
hr = ho + 0.36(km),

wherehr is the altitude of the top of the layer of rain ahglis E S
the annual average altitude above mean sea level of tGe 0

isotherm. According to the ITU-R (2001) recommendation, Fig- 9- Examples of time series recorded by the Ku device (red
the latter parameter can be taken to be 3km in the preserfi!'vé) and the radar (blue curve).

case. The parametég is the altitude of the ground station
andé is the elevation angle. Finally, the corresponding rain
rateﬁg?l(t) is given by Eq. §). The probability threshold®,
(determined as 0.55) is chosen so that the CDF correspondinﬁ

—KU, .
to the 1 h accumulateflc, (1) is as close as possible to that geop 15 pe similar (Fig. 9), even though these two quantities

of Rggl(t) (see Fig. 8). It should be noted that this thresh- cannot be rigorously equal as a consequence of the different
old gives a percentage of rain similar to that obtained oversampling volumes, altitudes and time resolutions involved in
the same period with a disdrometer, located 10 km from thethese two sets of data. Figure 10 compares the accumulated
receiver, when a 0.1 mnt# threshold is applied. rainfall recorded by the gauges and rain radar, with the values
estimated from the received signals over a 4 month period.
The same accumulated rainfall, i.e. a total height of 220 mm,
is determined by the radar and the Ku device, whereas the

The method described in the preceding sections was used {&n gauges record a slightly higher value.

: —KU L : Figure 11 provides a comparison between the hourly ac-
estimateRy;(1). A characteristics vectak, corresponding cumulated rainfall measured by the radar and the Ku device
to channel 7, was computed from the time serl%é(t)

: : i (top), and between the rain gauge and the Ku device (bot-
and then applied to the MLP, with which the threshold P tom). The quantile—quantile plots (left-hand side of the fig-

was used to discriminate between rainy and dry periods. Irhre) are relatively close to the diagonal, showing that the 1 h

order to quantify the performance of the device and ass0Cl, ccumulated rainfall distributions are quite similar. Error box

. . —rad
ated_:;lgorlthm, comparisons were then made vR{f7(1) plots are provided on the right-hand side of this figure. The
andR " (¢) using different criteria. Firstly, the rainfall inten- median values are close to zero, especially in the case of the

sity time series measured by the rain radar and determined
ith the Ku device were compared visually. The order of
agnitude and dynamics of the two measurements can be

5 Validation and results
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comparison between the Ku device and the radar, with the . hour i Ko deve (mm)m 0 1-h01urplu\n20mete?cumjated el (Gmm) s
exception of the intermediate value of accumulated rainfall _ ) .
(—1.3mm). In the case of both box plots, it can be seen thaf '9- 11- Q-Q plots using radar and Ku device data (top left), and

the width of the boxes, defined as the separation between thﬁIn gauge and Ku device data (bottom left). Box plots made using

. . dar and Ku device data (top right), and rain gauge and Ku device
25th and 75th percentiles, increases when the accumulategl, (bottom right). (top right gaug
rainfall increases. Several explanations are proposed for this

phenomenon in the following paragraph.

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 interpola-

) ) ] ] N ] tion technique used to calculate the reference level appears
Eight rainfall events of various intensities and durations were;y nave been unsuitable because of daily variations of refer-

selected. Although these cannot be considered to be represce jevel, and a more sophisticated method should be used
sentative of the local rainfall climatology, they nonetheless, the future. It should be noted that in all cases, there are
make it possible to highlight several features of the Ku-bandseyeral reasons for which it is difficult to compare the re-

rainfall data. The dates, durations, maximum rain rates and,ts obtained with these two devices: (i) it is well known
quantities of rain estimated by the radar, the rain gaugesna the radaz—R equation sometimes overestimates or un-
and the Ku device are provided in Table 4. The events argjerestimates the rain rate, (ii) the path lengtban be under-
sorted by increasing duration. Note that the maximum raing; gyer-estimated if the<Oisotherm is not sufficiently well
ratesRmax are obtained with different integration times, de- ynown, and (iii) in the presence of high rainfall rates, associ-
pending on the type of measurement (rain gauges: 1h, raiyeq with very strong spatial heterogeneities, significant dif-

radar: 5min, Ku device 15s). It can be seen that the quantitieggrences can occur because the instruments do not see the
of rain estimated by the radar and the Ku-band sensor arg¢;me volume of the atmosphere.

relatively close to each other (deviatienl5 %) for events

lasting between 1 and 3 hours (events 3, 4, 5 and 6). How-

ever, this is not the case for very brief (L h) events, nor for 6 Conclusions

long rainfall events#£ 6 h). In the case of the short-duration

events (events 1 and 2), the maximum valueggfx for the Ku-band microwave sources on geostationary satellites, such
rain radar and Ku device are relatively close to each otheras those used in telecommunications or broadcasting, can po-
although it is difficult to compare the measured quantities oftentially be used for the estimation of rainfall. A low-cost,
rain as a consequence of the small size of the rain cells. Inground-based microwave system allowing for atmospheric
deed, in the case of small rain cells traversed more or lesattenuation to be estimated along Earth—satellite links was
perpendicularly by the microwave link, the cell is observed developed in order to investigate the opportunistic use of
for only a few seconds or minutes, whereas it is observed fothese microwave sources in the frequency band between 10.7
a longer period of time in the corresponding rain radar pixel,and 12.7 GHz. Although this band is not optimal for the esti-
since the latter are much greater in size (1 km) than those comation of weak rainfall rates, due to its lack of sensitivity, it
responding to the microwave link (a few metres). Thus, theappears to be a good choice when the rainfall rate increases,
two instruments may not necessarily have observed exactlgince in this case the attenuation rarely exceeds 12 dB, even

Rainfall event case studies
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Table 4.Features of the eight selected events.

Duration RmaxRad RmaxPluv  RmaxKu Amount Amount Amount

Ev.# Date (h) (mmhl)  mmh1)  (mmh1) Rad(mm) Pluv(mm) Ku(mm)
1 23July 0.6 25.8 - 22.1 5.8 - 3
2 16 October 0.8 7.3 - 8.3 1.7 - 0.9
3 03 October 15 14.4 1.6 20.5 4.9 1.6 5.6
4 04 August 1.65 30.3 0.9 28.4 54 1 4.8
5 02 August 1.7 19.7 9.1 40 5.7 9.1 6.7
6 07 September 2.9 7.9 4.3 8.1 8.3 7 7.8
7 23 August 6.0 8.4 3.7 16.6 4.6 5.4 7.6
8 08 November 9.2 12,5 4 7.1 12.2 10.3 5.4

in the presence of very heavy rainfall, and the signals carlayer is present, i.e. mainly during stratiform events. How-
be measured without difficulty even with a parabolic antennaever, when non-precipitating clouds with a melting layer are
of standard dimensions (90 cm). Nevertheless the use of Kupresent just before a rainfall event, the resulting attenuation
band microwave sources could be very useful in the con{due to the clouds and the melting layer) is “embedded” into
text of risk management (flash flood) or urban hydrology, for the reference level estimation, and consequently does not
which high rain rates have more importance. Finally, becausdead to a strong error in the rain attenuation estimation. It is
of their spatial resolution close to that of radar, we could alsodifficult to compare the results presented here with those ob-
consider their use for calibration of ground or space precipi-tained by Maitra et al. (2007), who compared rain attenuation
tation radar. with values determined with a co-localized disdrometer and a
A four month measurement campaign was carried out, fol-simple attenuation model (SAM) (Stutzman and Yon, 1986).
lowing which a multi-layer neural network was used to dis- These authors conclude that “the discrepancy becomes sig-
tinguish between dry and rainy periods, on the basis of thenificant when the rain rates are large (above 30 m#) hnd
received signal, thus allowing for the attenuation producedthe corresponding rain cell size is small”. They explain that,
by rain along the path of the Ku-band link to be estimated.in the case of high rain rates, the rain rate decay parameter
ITU models were then used to convert rain attenuation intoused in the SAM is no longer valid, and that as a consequence
a rainfall rate. Good agreement is found between the valno meaningful conclusions can be drawn.
ues determined with the Ku device, weather radar and rain Several possibilities could be investigated to improve the
gauges, not only in terms of total accumulated rainfall butperformance of the technique proposed in the present study,
also in terms of hourly rainfall distributions. In the case of 1 h during which each of the available channels (i.e. one fre-
accumulated rainfall, discrepancies of as much as 30% caquency and one polarization) was used independently to
occur between the radar and Ku device observations. Thigstimate different values of rain rate. In future test cam-
is explained by the large differences in sample volume andbaigns, the combined use of several channels, corresponding
integration time used with these two devices, which do notto different frequencies or polarizations, should improve the
“see” exactly the same parts of the atmosphere. These differglobal performance of this technique. In the case of long-
ences can become particularly significant during heavy rainduration rain eventsx 3 h), improvements are still needed,
fall events, which are generally associated with very strongespecially for the evaluation of the reference level of atten-
spatial heterogeneities. Although the results presented hergation. Indeed, in the present study, a simple linear interpo-
provide validation of the proposed technique which is only lation of dry period data was used. This approach is suffi-
partial, and despite the simplicity of some of the models andcient for short periods only, during which the reference level
the use of empirical formulas, these initial results are promis-is affected by small variations. For observations made over
ing. Since the parametérof the k—R law is close to 1, the longer periods, a more sophisticated estimation of the refer-
variability of the DSD along the Ku-band link does not play ence level is needed. As an example, this could be achieved
an important role. Nevertheless, some variations in attenuaby representing the reference level by a state-space model as-
tion, not induced by rain, may occur, as in the case of heavysociated with a Kalman filter. ITU models were used for the
rain events, which are known to exhibit complex spatial andk—R relationship and to estimate the Ku-band path length.
temporal structures with strong temperature gradients and Although the results of this study show that the ITUR re-
complex vertical humidity profile. Moreover, in this study, lationship is perfectly suited to this problem, this may not
the possible presence of hail, wet snow or a melting layete the case when it comes to the path length estimation.
is not taken into account. An attenuation of approximately Other models have been described, such as that proposed by
0.2-0.3dB can be expected in the Ku band when a meltingAdhikari et al. (2011), and these should also be tested.

www.atmos-meas-tech.net/6/2181/2013/ Atmos. Meas. Tech., 6, 22883 2013



2192 L. Barthes and C. Mallet: Earth—space link in the Ku band

The present study deals with the estimation of rainfall ITU-R: Propagation data and prediction methods required for
rate, using Ku-band attenuation over a single path link. In earthspace telecommunication systems: Recommendation ITU-
the future, the use of several simultaneous links associated R P.618-9, ITU-R Recommendations, P-Series Fascicle, ITU,
with tomography or assimilation methods, based on an ap-_Geneva, 2009. . .
proach similar to that of Zinevich et al. (2008, 2009) or ITU-R: Attenuatlo_n by atmospherl_c gases, Recommendation ITU-
Giulli et al. (1997, 1999), could be applied to the estima- R P.676-9, available atvww.itu.int/rec/R-REC-P.676last ac-

- . . . cess: 28 August 2013), 2012a.
tion of small-scale rainfall fields, and could be helpful in hy- ITU-R: Attenuation due to clouds and fog, Recommendation ITU-

drological applications, flash flood forecasting and weather 5 5g40.5 available atvww.itu.int/rec/R-REC-P.84Glast ac-
radar calibration. cess: 28 August 2013), 2012b.
Jameson, A. R.: A Comparison of Microwave Techniques for Mea-
) suring Rainfall. J. Appl. Meteor., 30, 32-54, 1991.
AcknowledgementsThis  work was supported by the kayfmann, M. and Rieckermann, J.: Identification of dry

French ~ “Programme  National ~de eéecetection — Spa- and rainy periods using telecommunication microwave

tiale” (PNTS, http://www.insu.cnrs.fr/actions-sur-projets/ links, 12nd International Conference on Urban Drainage,

pnts-programme-national-de-teledetection-spgtiale grant Porto Alegre/Brazil, 10-15 September, 2011, available

no. PNTS-2013-01. The authors would like to thank M. Parent du 4. http:/Aww.yumpu.com/en/document/view/6346597/

Chatelet from Mteo-France for various fruitful discussions on the identification-of-dry-and-rainy-periods- using-telecommunication-

topic of radar data processing. 2011.

. Kumar, S., Bhaskara, V., and Narayana Rao, D.: Prediction of Ku

Edited by: F. S. Marzano Band Rain Attenuation Using Experimental Data and Simula-
tions for Hassan, India, Int. J. Comput. Sci. Netw. Sec., 8, 10-15,
2008.

References

Leijnse, H., Uijlenhoet, R., and Stricker, J. N. M.: Rainfall measure-
ment using radio links from cellular communication networks,

Adhikari, A., Das, S., Bhattacharya, A., and Maitra, A.: IMproving .0 Resour. Res., 43, W03201, d6i:1029/2006WR005631
rain attenuation estimation: modelling of effective path length

2007.
using ku-band measurements at a tropical location, Prog. Elec; _.. . . - .
tromagn. Res. B, 34, 173-186, 2011. Leijnse, H., Uijlenhoet, R., and Stricker, J. N. M.: Microwave link

Atlas, D. and Ulbrich, C. W.: Path- and Area-Integrated Rainfall rainfall estimation: Effects of link length and frequency, temporal

Measurement by Microwave Attenuation in the 1-3 cm Band, J. \S/\?:;é)r“g%’sgﬁ\r’veélr elszilgultfjlndlgasndz(\)/\éeg antenna attenuation, Adv.
Appl. Meteor., 16, 1322-1331, 1977. oo . '

B A d Uiilenhoet. R.- Path d rainfall . Leijnse, H., Uijlenhoet, R., and Berne, A.: Errors and Uncertain-
er::ftlion .ujirr:g mlijcer(r)lwcz);\a/e, Iinll.<5' aUn-(?gr?;?r?t?/ d[Jaemf:) se;al- ties in Microwave Link Rainfall Estimation Explored Using Drop

. . - : " Size Measurements and High-Resolution Radar Data, J. Hy-

tial rainfall variability, Geophys. Res. Lett.,, 34, L07403, 'z su S 9 sout 4

d0i:10.1029/2007GL029402007. drometeor., 11, 13301344, 2010.

) - Liebe, H. J., Hufford, G. A., and Cotton, M. G.: Propagation Mod-
Crang, R K. Ana|y5|s of the effects of water on thg ACTS propa- eling of Moist Air and Suspended Water/Ice Particles at Frequen-
gation terminal antenna, Antennas and Propagation, IEEE Trans.,

cies below 1000 GHz, AGARD Conference, Atmospheric Prop-
50, 954-965, 2002. .

Delah 1Y Bars L. Gob. P. L ¢ d Vi agation Effects through Natural and Man-Made Obscurants for
eJaPa}’: il 'be;; e ironl ,'o.r;we?evreé%rr]]ié " Ja”H d;glsog'% Visible to MM-Wave Radiation, 542, 3.1-3.10, 1993.
1.10"120u2006 P pluvt pt, J. Hydrol., Maitra, A., Kaustav, C., Sheershendu, B., and Srijibendu, B.: Prop-

e e . agation studies at Ku-band over an earth-space path at Kolkata,

Fenicia, F., Pfister, L., Kavetski,D., Matgen, P., Iffly, J. F., Hoff- .

L d Uiilenhoet. R.: Mi links f infall esti Ind. J. Radio Sp. Phys., 36, 363-368, 2007.
m:{;gh |n :: urbgsr:an(\)/(ierénrﬁ'entl'clrg:i/g\tfs Ifrr]ofn ZL r:)'(::rinf:'r;alMesser, H., Zinevich, A., and Alpert, P.: Environmental monitoring
setup in Luxembourg-City, J. Hydrol., 464-465, 6978, 2012. by wireless communication networks, Science, 312, 713-716,

Giuli, D., Facheris, L., and Tanelli, S.: A new microwave tomog- 2006.

raphy approach for rainfall monitoring over limited areas, Phys Morin, E., Krajewski, W. F., Goodrich, D., Xiaogang, G., and
Chem. Earth, 22, 265-273, 1997. Sorooshian S.: Estimating rainfall intensities from weather radar

Giuli, D., Facheris, L., and Tanelli, S.: Microwave tomographic in- data: the scale-dependency problem, J. Hydromet., 4, 782-797,

. : : . ) 2003.
version technigue based on stochastic approach for ralnfallfleld%ISen R. L., Rogers, D. V., and Hodge, D. B .: The aRb relation
mqmtormg, IEEE T. Geosci. Remate, 37' 2536_255.5’ 1999, . in the calculation of the rain attenuation, IEEE Trans. Antennas
Haykin, S.: Neural Networks: comprehensive Foundation, Prentice- Propag., 26, 318-329, 1978
Hall, Upper Sa@dle River, N.J., 199.9'. . Overeem, A, Leijnse, H., and Uijlenhoet, R.: Country-wide rainfall
ITU-R: Propagation data and prediction methods required for

the desi f1 ial I f-sioht svstems: R dati maps from cellular communication networks, Proc. Natl. Acad.
IT‘B 55595”38 9er£gz£'a ine-ol-sight systems: Recommendalion - g 110, 2741-2745, daiv.1073/pnas.1217961112013.

Ramachandran, V. and Kumar, V.: Rain Attenuation Measurement
on Ku-band Satellite TV Downlink in Small Island, Electron.
Lett., 40, 49-50, 2004.

Atmos. Meas. Tech., 6, 21812193 2013 www.atmos-meas-tech.net/6/2181/2013/


http://www.insu.cnrs.fr/actions-sur-projets/pnts-programme-national-de-teledetection-spatiale
http://www.insu.cnrs.fr/actions-sur-projets/pnts-programme-national-de-teledetection-spatiale
http://dx.doi.org/10.1029/2007GL029409
www.itu.int/rec/R-REC-P.676
www.itu.int/rec/R-REC-P.840
http://www.yumpu.com/en/document/view/6346597/identification-of-dry-and-rainy-periods-using-telecommunication-
http://www.yumpu.com/en/document/view/6346597/identification-of-dry-and-rainy-periods-using-telecommunication-
http://dx.doi.org/10.1029/2006WR005631
http://dx.doi.org/10.1073/pnas.1217961110

L. Barth &s and C. Mallet: Earth-space link in the Ku band 2193

Schertzer, D. and Lovejoy, S.: Physically based rain and cloud modVerrier, S., Barthes, L., and Mallet, C.: Scaling properties of rainfall
eling by anisotropic, multiplicative turbulent cascades, J. Geo- in space and time and their impact on rain rate estimation from
phys. Res., 92, 9692-9714, 1987. weather radar 7th European Conference on Radar in Meteorol-

Schleiss, M. and Berne, A.: Identification of dry and rainy peri-  ogy and Hydrology ERAD2012, Toulouse France, 2012.
ods using telecommunciation microwave links, IEEE Geosci. Re-Verrier, S., Barthes L., and Mallet C.: Theoretical and em-
mote Sens. Lett., 7, 611-615, 2010. pirical scale-dependency of Z-R relationships: evidence, im-

Schleiss, M., Rieckermann, J., and Berne, A.. Quantification pacts and correction, J. Geophys. Res., 118, 7435-7449,
and modeling of wet-antenna attenuation for commercial mi-  doi:10.1002/jgrd.v118.1,42013.
crowave links, IEEE Geosci. Remote Sens. Lett., PP (99),Wang, Z., Schleiss, M., Jaffrain, J., Berne, A., and Rieckermann, J.:
doi:10.1109/LGRS.2012.22360,72013. Using Markov switching models to infer dry and rainy periods

Stutzman, W. L. and Yon, K. M.: A simple rain attenuation model  from telecommunication microwave link signals, Atmos. Meas.
for earth-space radio links operating at 10-35 GHz, Radio Sci., Tech., 5, 1847-1859, ddi0.5194/amt-5-1847-2012012.

21, 65-72, doit0.1029/RS021i001p00065986. Zhang, G. P.: Neural Networks for Classification: A Survey, IEEE
Tabary, P.: The new french operational radar rainfall product. Partl:  Trans. Syst., Man, Cybern., Part C: applications and reviews, 30,
methodology, Weather Forecast., 22, 393—-408, 2007. 451-462, 2000.

Ulaby, F. T., Moore, R. K., and Fung, A. K.: Microwave Remote Zinevich, A., Alpert, P., and Messer, H.: Estimation of rainfall fields
Sensing, Active and Passive, Vol. 1, Microwave Remote Sensing using commercial microwave communication networks of vari-
Fundamentals and Radiometry, Artech house Inc., 1981. able density, A. Water Res., 31, 1470-1480, 2008.

Upton, G. J. G., Holt, A. R., Cummings, R. J., Rahimi, A. R., and Zinevich, A., Messer, H., and Alpert, P.. Frontal Rainfall Observa-
Goddard, J. W. F.: microwave links: the future for urban rainfall ~ tion by a Commercial Microwave Communication Network, J.
measurement?, Atmos. Res., 77, 300-312, 2005. Appl. Meteor. Climatol., 48, 1317-1334, 2009.

Verrier, S., Mallet, C., and Bar#éls, L.: Multiscaling properties of
rain in the time domain, taking into account rain support biases, J.

Geophys. Res., 116, D20119, dd):1029/2011JD015719011.

www.atmos-meas-tech.net/6/2181/2013/ Atmos. Meas. Tech., 6, 22883 2013


http://dx.doi.org/10.1109/LGRS.2012.2236074
http://dx.doi.org/10.1029/RS021i001p00065
http://dx.doi.org/10.1029/2011JD015719
http://dx.doi.org/10.1002/jgrd.v118.14
http://dx.doi.org/10.5194/amt-5-1847-2012

