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Abstract. The present study deals with the development lofracost microwave device devoted to measure
average rain rate observed along earth — satktike. The principle is to use rain atmospherieatation along
Earth — space links in Ku band to deduce the pe#haged rain rate. These links are characterized pgth
length of a few kometresthrough the troposphere. Ground based power memsunts are carried out by

receiving TV channels from different geostationsayellites at Ku-band.

The major difficulty in this study is to retrievain characteristics among many fluctuations of rheeived
signal which are due to atmospheric scintillatiostsangesn the composition of the atmosphere (water vapour
concentration, cloud water content) or satellitetdees (variation of the emitted power, satellitetions). In
order to perform a feasibility study of such a deyia measurement campaign has been performedvéor f
months near Paris. This paper proposes an algolitgad on an artificial neural network to idenéfgught dry
and rainy periods and to suppress the variabifithe received signal due to no-rain effects. Tgkirto account
the height of the rain layer, rain attenuationhiert inverted to obtain path averaged rain rateai®®d rainfall
rates are compared with co-located rain gaugesaaal measurements on the whole experiment pettied,

the most significant rainy events are analyzed.

1. Introduction

Accurate measurements at medium scale rain injeasd precise localization of precipitation areimportant
task for the study of the water cycle, and it soah major element of the physics of climate. Moeepissues
concerning the variability of precipitation in timend space are not only scientific. Knowledge dffedl
variability in the short term (extreme events), émuy term (management of water resources), may e to
reduce the human and material damage caused lg/ phemomena. This study investigates on an inekgens
microwave system to observe rain at medium spagsadlution and at high temporal resolution.

Available sensors for rainfall measurements arecipally weather radar, rain gauges, disdrometedsramote
sensing satellites. The latter allow global momitgrof precipitation, but the existing microwavensers have to
be placed in low orbit, so as to obtain a resotutiba few kilometres. The corresponding observatiequency

is about twice a day which is very low given thendmics of rainfall eventsMoreover—these—means of
observations-are-largely-confined-to-the-interirabregion Ground based weather radar cover areas of about




| 30,000 ki, they have revisit in the order of a few minutes ¢heir spatial resolution is about one kiloeret
Their financial cost as well as the human meareyifably associated to them, make their use passibly in
particular regions of the earth. Rain gauges aliopunctual observation with a variable time stepedeling on

the intensity of rainfall. Only dense networks bése sensors allow observing the spatial varighifitrainy

| events, moreover the deploymeaind the maintenancef such networks can be relatively complex and
expensive especially in mountainous areas, demestfy wetlands areas, etc.
Working with operational telecommunication pointgoint microwave links, Upton et al. (2005), Messea@l.
(2006), Leijnse et al. (2007), Zinevich et al. (2D0Schleiss et al. (2010), Kaufmann et al. (20&&§Wang et
al. (2012)and Overeem et al. (2013)ave shown that the patirtegratedaveragerin rate can be estimated

from attenuation measurements. However ground basewave link attenuation are provided by telecom
operator, which leads to many practical constrafotmrse precision due to quantization error, lemporal
resolution (15 min. typically)). Furthermore thisidt of data is mainly available in urban areas.

Much of the more than two hundred satellites, dggdioby broadcast or telecommunication companies,dibit
the earth, emit a relatively strong microwave sigoavards the Earth. They cover almost the entiobdeg and
are located in geostationary orbit. They use mienvirequenesy bands, most of them work in  Ku band
(10.7-12.7 GHz). These satellites, located on aiggeostationary orbit, are thus available microsvaeurces
whose position relative to earth is relatively #aln the band of frequencies used by operatbestransmission

is especially affected by the attenuation becadgheorain, and some effects less significant butimmore
frequent due to atmospheric gases (oxygen and wapeanr), and non-precipitating water (cloud).

So as to observe rain at an intermediate resolutietween radar and rain gauges, we investigate an

opportunistic use of these microwave sources tosarearainfallwith a low cost device requiring much less

maintenance than rain gauges netwo¥ie have developed a passiM@y-costground based microwave system

able to estimate the averaged rain rate alongdtih-eatellite link(hereafter Ku device)Ground based power

measurements areatried out by receiving signals from different gdisnary operational satellites in Ku-band
like in the experiments carried out by Kumar (2Q08aitra (2007) and Ramachandran (2004). The athersp

attenuations alongEarth —space link are then used to deduce the patiaged rain rate§.able 1 summarizes

the main characteristics of weather radars, raimes network and Ku device.

The paper will investigate how to retrieve the patherage rain rate from received signal obtained in the Ku

band. In a first step the measurement principlé w8 described. The accuracy that can be expeoted
attenuation measurements in Ku band will be rouglslymated. For this, we used actual time serieaintirop
size distribution to estimate attenuation in Ku dv@md corresponding rain rate in order to studyetfiect on
attenuation of rain inhomogeneity and shape ofdledrop size distribution along the link path. §part gives
us a reasonable relationship between atmosphégicuation and rain rate.

In a second step we describe the experimental eewid the measurement campaign we have perforntedtto
the feasibility of rain measurement. Ground basmagr measurements are carried out by receiving fahoels
from different geostationary satellites in Ku-bafdhe experimental microwave systéhereafter KU-device)
was installed near Paris during the summer andvauf2010. The other collocated rain observationdafrarain
gauges) used for comparison are also presented.

The third step deals with methods suggested tievetrrain rate from the received microwave signad o

quantify the expected rain rate accuracy. In pcactine proposed device only measures a receivadrpand




the difficulty is that the reference level, relatito which the rain attenuation is computed, iskmatwn. In the
case of Earth — satellite microwave links, the pgobis much more complex than for point-to-pointroivave
links because the measured level depends on bethttmospheric attenuation through a number of gihwréec
processes such as rain, water vapour concentralimung water content, turbulence, air temperatoug,also to
satellite position. The geostationary TV satelliz@e not really geostationary because most of thawe not a
circular orbit but a quasi-circular orbit (sligh#iptic) which is not exactly located in the etprdal plane: they
have a geosynchronous orbit. This "quasi-geostatidnorbit induces a small relative motion of thetedlite
| (relative to earthduring the—indueingday inducing small change in the direction of the angle oival of
microwaves and therefore a small change in theweddevel (depending the antenna aperture).Weqs®n
| this section a method to identifrought dryand rainy periods and to estimate reference leuehd rainy
periods. Finally, taking into account the rain Hjgestimated rain attenuation is retrieved to iobfzath
averaged rain rate. The proposed algorithm rengmple because only one channel at a fixed poléwizand
frequency is used; more sophisticated solutionsdce developed in the future by exploiting moramfels at
different frequencies and polarizations.
In the last section, obtained rain mi@e compared with co-located rain gauges and radssurements.

Statistics obtained on the whole experiment peasa presentedhen-finallythe most significant rainy events
areanalyzedanalysed

2. Physical context

Attenuation is the main propagation effect conaggnsatellite links operating in the microwave ranghis
phenomenon is due to several types of atmosphenigponents: gases, clouds and rain (Ulaby, 1981).

| Concerning temporal and spatial variability, eaéhihese componentsavehadifferent behaviours. For gas-
induced attenuation, the extinction coefficienegual to the absorption coefficient (Liebe et &93). In the

| troposphere, the oxygen and the watmporvapourare the only gases that contribute significarglalbsorption
in the microwave spectrunin the case of a satellite slant path, gaseousrptiso can be considered to be
homogeneous over the horizontal range of a link eamiations in gas-induced attenuation are mainlg tb

| variations in watexapervapourgjuantity. Gaseous attenuation can’'t exceed 0.atdBequencies near 10 GHz
and elevation angle of 30° (ITU P.676-9, 2012).
The interaction of electromagnetic wave with trq@ueric water particles may involve both absorptsom
scattering depending their size relatively to thevelength. Attenuation per unit of volume dependsttee
density, shape, size distribution, and dielectrizperties of the particles contained in the volu@encerning
clouds liquid water, scattering is negligible artk tRayleigh approximation can thus be considered fo
frequencies up to about 50 GHz (Liebe et al., 1968 resulting attenuation is proportional to thiegrated
liquid water content present along the link.. Asud coverage exhibit important spatiotemporal \aliig, the
corresponding liquid content varies substantialtid @loud-induced attenuation can vary strongly feumains
below 1 dB for frequencies and elevation anglessictamed in this study (ITU P840-5, 2012). Concegnite
particles, their absorption coefficient is much 8erahan that of water and they do not play a iggnt role in
Ku band. Rain is the major contributor to atterwatin Ku band, both absorption and scattering phresma
play an important role. The attenuation per unitvofume depends on extinction cross section ofviaéer

particles and their size distribution profile. THater varies noticeably both in space and timeoliving a




specific dynamic of rain-induced attenuation whigklifferent from gases or cloud ones.

2.1.Rain — atmospheric attenuation relationship

Considering scattering effects, the rain specifieraationkq(t,[) [dB/km] is related to rain microphysics
properties for a given frequendy polarizationp (p=H, p=V or p=C for horizontal, vertical or circular

polarization respectively) and an elevation ar@gley the following relation :

Dmax
Kipo 1) :434qD_ N(D,t,1)0,,(D)dD 1)

WhereN (D,t,I) [m™] is the rain drop size distribution (DSD), i.eethumber of drops per cubic regieper unit
increment of diameteD, present in the atmosphere at locaticand at timet, i,¢(D) [m?] is the extinction

cross-section for a raindrop of diameefm].
The rain attenuatiorAfF:ﬁJ”(t) [dB] is thus obtained by integrating le specifiteauation along the slant path of

lengthL:

AR () = [ Ko 1)l @

The extinction cross sectiam,«D) of raindrops depends on the used frequency,dfraative indexn of the
water, the size and the shape of the raindropspdfterrization and the incidence angle of the etaoaignetic
wave. In this study, we consider theg«D) is independent of locatioh even if during the drop fall, the
temperaturexnd/orpressuregariations can lead to a slight variation of thigaetive n. We assume in this study,
a fixed temperature (set to 10°C) and-ithe inducedrariations_errorof gifD) are negligible (Atlas, 1977).

Indeed, if we suppose the temperature lies in dinge 0 — 20°C, at 12 GHz when using a fixed tentpesaf

10 C° instead, the relative error on specific atégion is about 2% for rain rate equal to 10 mmid about

5.5% for rain rates equal to 100 mminder these conditions, profile of rain along ttenspath of lengtih can

be considered as a single layer of rain with arvedgnt drop size distributioN(D,t) [m™], defined by:
N(D,t) = [*N(D.t,I)d

D.)==['N(DL]) 3)
We can express the equivalent specific attenudtjg(t) :

Dmax
Kipo (1) =4343 "N, (D,)0,,(D)ID @)
Simply related to rain attenuation as follow:
A:’Tﬁéin(t) = kfpe (L — %)

In practice, the DSD is generally unknown but, éd&isng a gamma drop size distribution the follogvik-R

empirical power law relation between the specitiersuation and rain rate is used instead:




‘ kpo®=a_, R (1) S ©

This expression is shown to be an approximatiocetxin the low frequency and optical limits (Ols&f78). In

the field of microwaveafpg and bfpg depend on frequency and to a lesser extent talihe size distribution,

elevation angle and polaeation.

2.2. Accuracy of the k-R power law relationship

As we have seen above, k-R relation depends botthe@requivalent DSD features that are to say, drops

| concentration and shap® the DSD These features depend both to atmospheric condit{convective or
stratiform rain for example) and their variabilélong the radio link (i.e. the considered spatial scale).

| We first consider a homogeneous layer with diffef28D concentrations and shapes. As pointed out by Jameso
(1991) the dependency to the shape for a homogened layer is related to the frequency. For fertues
close to 25 GHz, the authors show the dependenegak while larger dispersion appears for lowegdiencies
especially for f < 9 GHz. In our case the use of3E2z links will be expected to be more or less gmmesto rain
microphysics. To assess its impact, 1-minute dsigesdistributions have been computed from raipsldata set
collected by a disdrometer (Delahaye et al., 2@@) a period of 24 months between July 2008 ahd2n10.
By using an approach similar to Leijnse et al. @Q%or each DSD the corresponding rain rate vaResd
specific attenuation valudg, (Eq. 4) were calculated for a frequency of 12 Giding Mie theory (considering
drops shape as spherical). The temperature is &deal to 10 °C and as rain drops are consideraglarical,
obtained specific attenuations are not polarizatiependants. Figure 1 shows the obtained scatigrtpé solid
line shows the obtained fitted power law and theheéd curve allows comparison with the power law ehod
given by the standard International Telecommuracatinion recommendation (ITU-R P.618-9). We can see
that the two curves are very similar and are diffito distinguish from each other. As it can bersen the
figure discrepancy due to microphysics can causeram of more or less7 mm/h for rain rates greater than 10
mm H'. More precisely, rain rate standard deviationesfrom 0.2 to 6 mmhfor rain rate ranging from 1 to
100 mm R leading respectively to relative standard deviei¢RSD) between 20% to 6%. This result confirm
that the use of a 12 GHz frequency is not optiroallie restitution of low rain rate and thus thegmsed device
should rather be used for applications for whictorgier rain events are relevant (flash flood fosedar
example). Table 2 column 2 shows the obtaieeefficients—bycoefficients bgerforming the linear regressions
onlog(k)-log(R). These coefficients are very similar to those gikg ITU model (Tab. 2 column 7,8 and 9).
Concerning the variability of the DSD along theicalink, the k-R relations are expected to be gamsito
aggregation over domains of different volumes. Nugus studies, that concern radar measurements, desre
devoted to the Z-R power laws relationships betwbenreflectivityZ and the rain rat& Morin et al. (2003)
have shown empirically the existence of a scaleedéency of Z-R law parameters based on the study of
collocated radar and rain gauge data aggregatditferent spatial scales. These authors found ekgocrease of
parameter with scale as well as a moderate decrease of dhmmeteh. Recently Verrier et al. (2012 a, b)
quantified the impact of scaling properties of falinon Z-R relations using multifractal theory.hdse authors

found that if multifractality behaviour simultanesby holds forR andZ, the Z-R relationships are characterized




by:
{b = constant

a D I Kr(b)
(7

WhereKg(q) defines the “moment scaling function” of raincatlerq that entirely characterizes the statistics of
the rain field. UsuallyKgr(q) is determined by the knowledge of a reduced $euwiversal’ parameters
(Schertzer and Lovejoy, 1987). The coefficiarghould therefore be power-law of scale, with scaBponent
that can be demonstrated (from multifractal thedoybe positive wheh>1 and negative whelm<1. So as to
guantify the impact of scaling properties of ralhfa k-R relations the study performed by Vermtral. (2012,
2013) relative to the Z-R relationships is appliedthe k-R relationships. With a hypothesis of Zea”
atmosphere it can be considered that increasiegration time is equivalent to consider larger ispatales and
thus to obtain k-R relations at different spatizles. The rain drops dataset previously presemésdused again
to compute DSD with integration times varying betwel and 60 minutes and the corresponding k-Riogakat
were computed. Note thah Verrier et al. (2011) the authors showed ttte rain rate seriesave—been
previoushy-demeonstrated-—ffollow multifractal statistics at mesoscale and reeboscalen—a—detailed-study
Mlerrier-etal—2011)In table 2, the stability of the obtained coeéfits associated with the high values of the

determination coefficientdRf >>= 0.972) shows that the k-R relation is quite iss#@re to integration time and

thus to spatial scale (for the considered frequeridye robustness of the k-R relationship is duthé&fact that
exponenb is close to 1 (1.17) leading to a less criticastale dependency of k-R relationships parameters t
for the Z-R relationships for whidhis close to 1.6. More precisely, in our c&£1.17) is equal to 0.03 while
Kgr(1.6) is equal to 0.12 for reflectivity radar. Wheansidering for example integration times of 1 drd
minutes, these values lead to a ratio of the prefacfor k-R andZ-R relationships respectively equal to 1.07
and 1.31. The latter value show that spatial seat@bility can conduct in the case of radar taraportant error

in some meteorological situations. Concerning thefficientb, table 2 shows it is almost constant (relativererr
< 3.5%) as predict by the theory. The stabilityhef k-R relation deduced from scale propertieglatively well
confirmed by empirical values given in Table 2 frdnto about 30 minutes which correspond to spatiales
between few hundred meters to few km in accordavittethe path length. The k-R estimated parameters are
very close to those of the ITU (Recommendation RUR.618-9), for this reason they will be used ia th
following of the study. Figure 2 shows error stats between specific attenuations computed from4gnd
those obtained with Eq. 6 and ITU coefficients.ivefminutes integration time is selected in oraerepresent a
spatial scale in accordance with Earth — satd#itgth path_. Obtained bias is comprised between 1 and 6 mm

h! with an absolute relative error less than 10%.

3. Experimental Setup

The experimental system was set up at the LATMOSbd@katoire Atmosphéres, Milieux, Observations
Spatiales) in Guyancourt, near Paris, during thamsear and autumn 2010. Signals from four geostationa
satellites (NSS7, AB1, Thor 5/6, Hotbird 6/8/9) baseen received in horizontal polarization, witmaltifocus

dish antenna of 90 cm diameter. The elevationsnéf path are close to 30°. For each satellite tWWoVEHz




width Ku-band channels were received and downcdeseby four low-noise block converters (LNBC) te L
band signals. A RF Switch allows selecting seqadiptone of the L-band signals to feed a field ssat. The
latter has an accuracy of 0.1 dB and operatesantapn mode with a 4 MHz bandwidth centered sedaignt
on the selected channels. The measured levekaneld by averaging five consecutive measuremémts, the
averaged value is saved by a micro calculator wisalsed as a data logger. The acquisition sequetoeds
sequentially each of the 8 channels with a samperipd of 2 seconds per channel leading to a peebd of
16 seconds (4 satellites x 2 channels x 2 secoRids)3 shows the experimental set up. The fregesraf each
link are given in Table 3. Note that the influerafenvet antenna (Leijnse et al., 2008) is not tak#a account
here, we simply applied a special spray on the LBkelp removing the droplets. Moreover in theecaé
Earth-space microwave links only the ground anteramabe wetted.

Independent co-located rain observations are alssidered to evaluate the performances of the pagpd&u
device: near-by C-band weather radar rain-rate mepaded by Météo France located at Trappes andram
gauges located at Trappes and Toussus le NoblediBtences between the LATMOS and these places are
respectively 2.9 and 3.7 km. Fig. 4 shows the whffié locations and the directions of the four eartellites

links (blue lines). The dataset is summarized below
- 8 time series of received signE‘RCEC (t) withranging fromegual tote-8 (4 satellites and 2 channels

for each satellite) with a 10 seconds samplinglutism obtained by applying a re-sampling algorithm
to the original times series.

- 2 hourly accumulated rainfall time seri®®°}(t) andR*®qt) obtained with the two rain gauges.

- 20 000 radar rain rate map&“(t) with a spatial resolution of 1x1 Knand temporal resolution of 5
minutes. The relation employed to convert radatectifity factors to rain rate is the one used
operationally by Météo-France (Tabary, 2007). Teequl considered covers most of the rainfall events
from 23 July to 15 December 2010.

In this first feasibility study, each of the 8 dahie channels is used independently. Channelusasl for the
development of algorithms (see section 4), thugrsalifferent values of rain rate are then estiméteich other
channels. As results obtained with each of the rseégmaining channels are quite similar, only thob&ained

with channel 7 are presented in section 5.

Since microwave links provide pathtegrated averageaneasurements, the corresponding radar path averaged

rain rates are calculated from rain maps by avecatiie radar piersRraOI (t) crossed by the link beam weitjh
by the corresponding length of the libkin the pixel.
For each of the 8 received channglsand each available radar maﬁgad 9] the radar aveaageate along

2 LR™(®)

the earth-satellite path corresponding to chaohé thus given by :_rﬁd t) = HT
iol I
Where R (t) is the'l pixel (i [1, 262144]) of the map,is the subset of pixels that intersects the péth o

the satellite corresponding to chanall andL; is the length of the link inside the pixel




Finally, 4 times serie _rﬁd (t) were obtained with a 5 teimporal resolution representing path averaged rai

rates on each earth-satellite links according daraneasurements.

Concerning rain gauges we simply averaged the itwe seriesteY(t) andR*%t) to obtain R¥®(t) . Figure 5

shows the time serieBare (t), RI2 (t), Reg(t) for a 10 days period.

Rainy periods are clearly characterized by a ldearease of the received signal, they thus appeaegative
pulses. At the same time, precipitation is alsibléson the radar and rain gauges time series.dtso important
to note the significant daily variation of the sij(1L dB) due to satellite motion and antenna apedsareell as
a negative trend due to a decrease of temperatav@rawater vapour content. For all these reasibris,very
difficult to estimate directly a reference leveldathus to deduce the rain attenuation. As explaingtie next
section, the estimation of the reference level iregufirst to detect thereught dryperiods from rainy periods

taking into account the variability of the signal.

4. Retrieval method

4.1.Reference level

The level of the received signaPHzd given in Eq. 8results from the combination of instrumental and
geometric characteristics such as power of thestnitter Pg) on-board the satellite, transmitter and receiver

antennas gaifbe, Gg, free space attenuatid and tropospheric attenuatioA'(°?). Wet Antenna can introduce

an artificial attenuation depending on antenna Igs$, 2013; Crane 2002; Leijnse et al., 2008).nTinimize

this, we have applied on the dish and horn an &ypeophobic coating. This kind of coating is effiot even if

it does not allow suppressing completely all thadeops. Moreover in the case of Earth-space miax@nlinks

only the ground antenna can be wetted. For thsorethis term does not appear Eq. 8.

Prec(t) = Pe(t) + G (1) + G (1) — A- () - A" (t) (dB) ®)

In practice,Pz and Gg are almost always constants whilg and Ar vary slowly over time due to satellite
motion. Tropospheric attenuatié™ is critically dependent upon satellite elevatiowl drequency band. In Ku
bandas has been stated previously, rain is the dominantributor to attenuationA%®") even if oxygen

(A9 iquid water in cloudsA©"°"Y), and water vapo{’®) and scintillation A are also present:

ATrop(t) = AS('[)+ AOxyger(t)_l_ ACIOUd(t)+ AVapor(t)+ ARain(t) (dB)
In order to estimate rain attenuati®v{"), Eq. 8 is expressed as follows:

Prec(t) = Prer (1) = A™"(t)  (dB) 9)

WherePgreg(t), called reference level or baseline, is equal to :

Prer (1) = P + Gy + Gy = A, = AS(t) = A%¥7(t) - A% (1) - AP (1) (dB)




In no-rainy situations, we have:

Prec(t) = Peee(t)  (dB)

The reference level is directly observed during-rainy situations, it is therefore necessary tameste it during
rain events from reference level obtained during pleriods (Fig. 6). It is thus essentials to digpa$ an

algorithm allowing differentiating thelreught dryand rainy periods. After the reference level is \knp

equations 5, 6 and 9 allow estimating the corregmonrain ratd?c',iu (1).

4.2.The rain — no rain detection algorithm

Each of the atmospheric processes involved hasnitsdynamics and contributes differently to titenuation

of the electromagnetiwaveattenuationBecause of the high heterogeneity of the raia ldfter causes temporal

fluctuations faster than gases or clouds of theived signal. To separateought dryfrom rainy periods a
similar approach to those used by Kaufmann andkerecann (2011) and Schleiss and Berne (2010) wed. us
Different characteristics (trends, standard desrgtkurtosis, skewness) of the observed Ku bantbsigceived

on channel 1 have been computed using differentlavinsize from 100 seconds to one hour. Radar data

_'ﬁf (t) have been used to determine the corresponding stahe atmosphere (rainy or dry). The statistical

distributions of these characteristics for rainyd afry periods have been compared to test theiityakio
discriminate between the two states. If it is ceedeon the time to which the rainfall rate is estimated, the
window width W should not be chosen too large since it determihestime delay necessary to obtain the
estimate. As our goal is to develop, as far asiplessa sensor that allows near real time obseymatie chose
the time windows as small as possible but stilllgnteeing good discrimination.

Two characteristics have thus been selected (seélB)) : the standard deviation over a time windsyual to

30 minutes and the local trend over a time winagowal to 4 minutes.

1 & A Lo 1 & .
Std(Prec(N)) = |:2\N+1 i;(PREC(n+ i)- PREC(n))2:| 2 with Peee(n) = M.; Prec(n+i) andW =100
L
Trd (Paec () :% > & Pegc(n+i) witha=(-1,-1,.-1,0,1,..) andw =10
i=-L

(10)

Our aim was to obtain a pattern classifier thatviges a rule for assigning each samplgdh) to one of the
two classes (rainy or dry). Because the optimahidauny between the two regions, named decision baies]
is not linear this provides the principal motivatifor using an artificial neural network called MutLayer
Perceptron (MLP)In fact, the ability of an MLP to learn complex (mbnear) and multi-dimensional mapping
from a collection of examples makes it an ideassifger (Haykin, 1999)The MLP is defined by its topology,
namely, the dimensions of the input and outputors¢ the number of hidden neurons and by its weigh
training process is necessary determine the optimal weights. This step is callee training process and

requires a representative database composed afeasat of input and output vectok€'(Y'):




X" = [std(Pgec(n)), Trd(Peec ()]
yn = {0 if R2(n) <01 belonggodry period

1 if R (n)>01 belonggorainyperiod (11)

The training data base is composed of half of #ita det measured from the channel 1 (1336201 samfie
other half is used to determine the optimal archite (6 hidden neurons) in terms of generalizagibitity. The
generalization property makes it possible to tenMLP with a representative set of input/targetgpand get
good results for predicting unseen input sampl&fer the training MLP output provides direct estition of
the posterior probabilities (Zhang 2000), Fig. 7.a.

Once obtained MLP can be applied to the entire deato identify dry and rainy time periods. The
discriminating rule is simple: assign sampl®® rainy class iY">P, or dry class "< P,. Figure 7.b shows
the boundary (solid line) between the two clasEls. determination dP, is detailed hereafter.

After identification of dry and rainy periods fromaceived signal, the reference level is interpolatering rainy

periods allowing the estimation of rain attenuatifi"(t). By using Eq. (12) to express the geometric path
lengthL (ITU-R P 618) the specific attenuatidty 4 (t) is estimated.

_hg =hg

 sin@)
hy =h,+ 036 (km) (12)

wWherehg is the rain heigh&ind Iy the yearly average 0° C isotherm height above nsearievel. The latter is

given by ITU-R P 58-9 recommendatioand is equal to 3 km in our caséhe parametehns is the altitude of

) . . . . : BKU
the ground station ané the elevation angle. Finally, Eq. (6) gives theresponding rain ratRChl (t) . The

probability threshold P(found to be equal to 0.55) is chosen so thabtitained CDF of 1-hour accumulated
_';lf (t) is as close as possible to that _rﬁld (9] (see FigOB)e can note that this threshold gives a

percentage of rain similar to that obtained witdisdrometer during the same period located at 10okitie

receiver when a threshold of Gvim H' is applied.

5. Validation and results

The method previously described is used to estirﬁi}f}%J (t) . Characteristics vector X, corresponding to

channel 7, has been computed from the time seﬁ’,ﬁﬁé(t) and is applied to the MLP. The thresholgdafows
identifying rainy and dry periods. In order to gtinthe performance of the device and associatgdrighm,
comparison withR [ (t) andRRC(t) are then performed using difiecriteria. First, a visual comparison of

the obtained times series of rainfall intensitiesasured by the radar and the Ku device is perforthedorder
of magnitude and the dynamics of the two measuresrame similar (Fig. 9) even if these two quangittannot
be rigorously equal because of the different samgpliolumes, altitudes and time resolutions. FigsiiOws the
comparison of accumulated rainfall measured bygdeges, the radar and those estimated from théveece

signal for the-a4 months period. The radar and the Ku device obththe same quantity with a total
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accumulated height of 220 mm while rain gauges oredsa slightly higher value.

Fig. 11 shows the comparison of hourly-accumulatgdfall measured by Radar and Ku device (top) layd
rain gauge and Ku device (bottom). The quantileuangle plots (left side) are relatively close he tdiagonal
indicating that the distributions of 1-hour accuatel rainfall are quite similar. Right plots shomoe box plot.
The medians are close to zero especially betweedeXice and radar except for intermediate cumuledédall
(-1.3 mm). For both box plots, the width of thexes defined as the width between the 25th and g&ttentiles

increases as the cumulated rainfall increases, saplanations are proposed in the next paragraph.

Rain events case studies

Eight rain events of various intensities and doraihave been selected. Although we cannot conglidgrare
representative of the local rainfall climatologhey nonetheless allow to highlight a few pointsheTdates,
durations, maximum rain rates and rain amountsnaséid by the radar, the pluviometers and Ku deaiee
given in Table 4. Events are sorted by increasingtibn. Note that the maximum rain rafgs, are obtained
with different integration time depending the dev{®Rain gauges : 1 hour, Radar : BipKu device 1 s). It can
be seen that rain amount estimated by the radathenskensor are relatively close to each otherigtien <15%)
for events whose duration are between 1 and 3 H&wents #3,4,5,6). This is not the case for stwort h) nor
for long duration events (>6 h). For events of slturation (Events #1,2) the maximum valus, between
radar and Ku device are relatively close to eatiemtbut it is difficult to compare the rain amoulngicause of
the small size of the rain-cells. Indeed, for smalin-cells crossed more or less perpendicularlythsy
microwave link, the cell is seen only during a feeconds or minutes while the cell is seen longethe
corresponding pixel radar because its size is rmigte larger (1 km) than the microwave link (few &1eds).
Thus the two instruments have not necessarily se=game thing. For long duration rain events (Evé,8),
the reason is completely different, it appears thatbasic interpolation method used for the catouh of the
reference level is not suitable and a more sophitgd method should be used. It should be notedirthal
cases, the comparison between the devices remiffinaltifor several reasons: (i) it is well knovthat radar Z-
R equation sometimes overestimates or underessma rain rate, (i) path length can be under or
overestimated if isotherm zero is not sufficientigll known, (iii) in presence of high rainfall ratevhich
correspond to very strong spatial heterogeneitieg tan lead to significant differences becausensteuments

do not see the same volume.

6. Conclusion

Ku band microwave sources on board of satellitet st$ those employed in telecommunication or brastiity
can potentially be used for the estimation of @infA ground low cost microwave system able tdneate
atmospheric attenuation along earth to satellitkslihas been developed to investigate an oppatitnise of
these microwave sources in the band 10.7 — 12.7. @kzough this band is not optimal for estimatiwgak

rainfall rates due to its lack of sensitivity, @éesns to be a good choice when the rainfall ratee@ses because
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the attenuation rarely exceeds 12 dB even in poesehvery heavy rains, and it remains easily medmde even
with a parabolic antenna of standard size (90 cm).

A 4 months measurement campaign was performed. hi-Mayer Neural Network was proposed to identify
dry and rainy periods from the received signal tng to estimate the attenuation due to rain ompéib link.
ITU models were then used to convert rain atteoudtito rainfall rate. Good agreement between thel&vice,
weather radar and rain gauge in terms of total motated rainfall but also in term of hourly rairfdistribution

is ebtained—_obtainedConcerning 1-hour cumulated rainfall, discrepancipdo 30% can occur between radar
and Ku device. This can be explained by the laiifferdnce in sample volume and time integratiorihef two
devices which do not “see” the same thing duringviyerainfall events which are generally associdtedery
strong spatial heterogeneities. Although the priegkeresults constitute only a partial validationl alespite the
simplicity of some models and the use of empirfoaiulas, these first results are promisiAg.the parameter

b of the k-R law is close to 1 the variability ofetibSD along the link does not play an importang.rol

Nevertheless some discrepancies on attenuationnaoiced by rain may occur for example during hesig

events that are known to exhibit complex spatial #smporal structures with strong temperature @radiand

complex vertical humidity. Moreover in this studietpresence of hail, wet snow or a melting layemoistaken

into account. An attenuation of approximately 0.2-0B is expected in Ku band when melting layasrissent,

i.e. mainly during stratiform events. However dmprecipitating clouds with melting layer are @nesjust

before a rain event the resulting attenuation (@uelouds and melting layer) is “embedded” in tleéerence

level estimation and consequently do not lead toxrgortant error on rain attenuation estimatidnis difficult

to compare our results with those obtained by Madtr al. (2007) who compared rain attenuations witto-
localized disdrometer and a Simple Attenuation Md&AM) (Stutzman and Yon, 1986). They concludet tha
“the discrepancy becomes significant when the raies are large (above 30 mm/h) and the correspgrrdin
cell size is small”. The authors explain that fargle rain rates, the rain rate decay parameted indbe SAM is
not more valid and consequently nothing can be lcded.

Several possibilities could be investigated to iowerthe performances. In this first feasibilitydstueach of the
available channels (i.e. one frequency and onerigatéon), is used independently to estimate déffervalues of
rain rate. In the future, the combined use of s@vehannels corresponding to different frequenaes
polarizations should improve the performances.|&og duration rain events (> 3 hours) improvememesstill
needed, especially in the evaluation of the refezdavel. Indeed, in this study a simple lineaeipblation from
dry periods was used. This is only sufficient fobg periods in which reference level has littleiggons. A
more sophisticated estimation of the referencelléas to be performed for example by representhrey t
reference level with a state-space model associgitda Kalman filter. ITU models were used for tkdR
relation and for the estimation of the path lendtbcording to our study the ITU k-R relation petfgcsuit our
problem, but we do not know about the path lenGither models exist like the one proposed by Adhigaal.
(2011) and should be tested.

The present study deals with the estimation offaflimate from a single path link. In the futuréetuse of
several simultaneous links associated with tomdgrap assimilation methods by using an approaclilairto
Zinevich et al. (2008, 2009) or Giulli et al. (1990@99) could be used to estimate rainfall fieldsraall-scale

and could be helpful in hydrology, flash flood foasting or for weather radar calibration.
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Tables captions

Table1. Main characteristics of weather radars, rain gauges networ ks and Ku device

Table 2. Coefficients of linear regression and coefficients of determinaticairadat by
performing the linear regressions on -log (ke) - log(R) scatterplotsffeqaency f equal to
12 GHz and integration times varying between 1 and 60 esniihe three last columns
indicate the ITU recommendation coefficients corresponding respectivhlyrizontal,
circular and vertical polarizations at the same frequency

Table 3. Frequency [MHz] of the considered microwave links.

Table 4. Features of the eight selected events
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Figures captions

Fig. 1. Scatter plot of rain rate versus specific attenuation computed thap size
distribution and Mie theory for a frequency f equal to 12 GHx @atime resolution of 1 min.
The continuous line indicates the corresponding fitted k-R pdeser The dotted line
indicates the ITU power law for horizontal polarization.

Fig. 2. Error induced on rain estimation when the ITU power law igl dise an integration

time equal to 5 min. For each rain bin, the box-and-whiskergsatragndicates the median
(the central vertical line), and the lower and upper quartiles (left ghtletdges of the box).
The whiskers indicate the lower and upper limits of the distobutwithin 1.5 times the

interquartile range from the lower and upper quartiles, respectively.

Fig. 3. Experimental setup.
Fig. 4. Locations of the different sites and satellites path links.

Fig. 5. Example of obtained time series: received signal (blue curve), ramarate (red
curve), 1-hour accumulated rainfall time series (dash green curve).

Fig. 6. Received signal during a rain event.

Fig. 7. a. MLP output : posterior probability of rainy clads. Boundary of the classifier
(green solid line), samples corresponding to dry class are inddogles corresponding to
rainy class are in red.

Fig. 8. Percentage of rain vs 1-hour accumulated rain threshold for the radasdriiae
(green), pluviometers (red), KU device (blue) for a threshgkd @55.

Fig. 9. Example of time series obtained by Ku device (red curve) and Radac(iohe.

Fig. 10. Accumulated rainfall obtained by radar (blue curve), Pluviometer (green curve),
attenuation measurements (red curve) during 4 months.

Fig. 11. Q-Q plot between radar and Ku device (top left) and between pletéosnand Ku
device (bottom left). Box plot between radar and Ku device (top)rightl between
pluviometers and Ku device (bottom right).
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Tables

Table 1.
Typical temporal| Typical spatial Area Cost (purchase andMaintenance
Resolution Resolution installation)
Radar 5 min 1 ki 30000 km ik ok
Rain gauge networ 1 min — 24h Ponctual Proportiopa * *kk
#pluviometers
KU device using 10s 5-6 km 5-6 km * *
one satellite
KU device using all 10 s C1 knf [20 knf * *
available satellites
Table 2
1 min 5 min 10 min 30 min 60 min ITU| ITU ITU
(H) ©) 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% 1.18
R° 0.987 0.986 0.98 0.992 0.972 na ng na
Table 3.
Channel Satellite | Frequency | Channel Satellite Frequency
1 NSS7 12604 5 Thor 5/6 12563
2 NSS7 11694 6 Thor 5/6 12688
3 AB1 12722 7 Hotbird 6/8/9 12285
4 AB1 12547 8 Hotbird 6/8/9 12617
Table 4.
Ev# Date Duration (h RxRad Rmax Pluv Rmax Ku Amount Amount Amount Ku
(mm/h) (mm/h) (mm/h) Rad (mm) Pluv (mm) (mm)
1 07/23 0.6 25.8 - 22.1 5.8 - 3
2 10/16 0.8 7.3 - 8.3 1.7 - 0.9
3 10/03 1.5 14.4 1.6 20.5 4.9 1.6 5.6
4 08/04 1.65 30.3 0.9 28.4 5.4 1 4.8
5 08/02 1.7 19.7 9.1 40 5.7 9.1 6.7
6 09/07 2.9 7.9 4.3 8.1 8.3 7 7.8
7 08/23 6.0 8.4 3.7 16.6 4.6 5.4 7.6
8 11/08 9.2 12.5 4 7.1 12.2 10.3 54
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Figures

a=0.027 b= 1.15Tint = 1 mn R%= 0.987
120 T T T
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k (@B.knid)

Fig. 1. Scatter plot of rain rate versus specé#fitenuation computed from drop size distributiow die theory
for a frequency f equal to 12 GHz and a time resotuof 1 mn. The continuous line indicates the
corresponding fitted k-R power law. The dotted Iimgicates the ITU power law for horizontal polaiion.
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Fig. 2. Error induced on rain estimation when tA&JIpower law is used for an integration time equseb mn.
For each rain bin, the box-and-whiskers diagramigates the median (the central vertical line), ahd lower
and upper quartiles (left and right edges of th&)bdhe whiskers indicate the lower and upper Bmoit the
distribution within 1.5 times the interquartile rga from the lower and upper quartiles, respectively
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Fig. 3. Experimental setup.

Fig. 4. Locations of the different sites and s#t=dl path links
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Fig. 5. Example of obtained time series: receivigda PRCEé (t) (blue curve), radar rain ratR}y (t) (red

curve), 1-hour accumulated rainfall time seriE_%RG(t) agd green curve)
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Fig. 6. Received signal during a rain event
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Fig. 7. a. MLP output : posterior probability ofirey class. b. Boundary of the classifier (greeridstihe),
samples corresponding to dry class are in blue,@amcorresponding to rainy class are in red.
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Fig. 8. Percentage of rain vs 1-hour accumulateid tareshold for the radar time series (green),ypumeters
(red), KU device (blue) for a threshold & 0.55.
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Fig. 9. Example of time series obtained by Ku de{tied curve) and Radar (blue curve).
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Fig. 10. Accumulated rainfall obtained by radatug curve), Pluviometer (green curve), attenuation
measurements (red curve) during 4 months.
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Fig. 11. Q-Q plot between radar and Ku device (&f and between pluviometers and Ku device (bottdt).
Box plot between radar and Ku device (top right)l fretween pluviometers and Ku device (bottom right)
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