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1. Introduction

The ARAMIS operational radar network of Météo Frankeployed five S-band and 2 X-band over the Meditean Arc
in the Southern region of France. This high coverdgnsity is mainly due to the high occurrencesokse storms during the
autumn season in this area. Moreover these set@rmassare at the origin of the major part of thelt@nnual rain in this
region, leading to dramatic events such as fastfiplandslides ... Observing, monitoring, and fostiog of these events
are one of the principal task and objective of Mé%éance and of the RHYTMM#project.

The radar refractivity measurement, which is relate the fluctuation of water vapour, temperatund aressure at low
level, is now implemented in this area on six radéive S-band, and one 1 X-band). The purpose@ptesent case-study is
to investigate the usefulness of the radar refragtiield for studying a moist air advection fraime sea to the continent. The
front observed the 16th October 2011 have beewteel¢éo be the case study. It has been observételnadar of Nimes (S-
band, Doppler, dual-polarisation).

In order to obtain refractivity field, the algonithof Frédéric Fabry (University of McGill) has beesed, after been
adapted to take into account the constraint ofrihgnetron transmitter, whose frequency can drith wume. The refractivity
fields during the event are confronted to the otheasurement available (radar reflectivity, in siteasurements, analysis of
the numerical weather prediction model ARONIEThe primary results show that the refractivigids are complementary
to the others measurements, and seems providesfureful information for the localization and thepagation of the
convective event.

2. Refractivity radar measurement

2.1. Basic equations for refractivity measurement with4coherent transmitter

This section is detailed more precisely in ParenCtatelet et al (submitted).
Following the formulation of Fabry (2004), the timdelayT,a. NeCessary for the electromagnetic wave to reaahgett at
distance r and come back to the radar is:

r -6
T iravel (r,t) = g Jon(x,t) dx= ﬂ + 210
¢ c

jO’N(x,t) dx @)

wherec is the speed of light in vacuum(x,t) is the refractive index, ard(x,t) is the refractivity at distanceand at time ,
defined by (Bean and Dutton, 1968):

N (x,t) = (n(x,t) -1) x10° )
Variations ofty,ye due to refractivity changes can only be obtaineduph phase of the signal, and the purpose of this

section is to establish the relationship betwegnadiphase and refractivity changes for radar wii@spiency can vary. The
phase depends on the path travelled to the tagdtalso on transformations in the receiver.

The radar receiver has two identical channelsterreceived signalgg(t), and for the transmitted signah®r). Both are
mixed with the same sinusoidal stable oscillatarABO) f_o(t) provide | and Q zero frequency base-band complgnats
Rrx (1) for the receive branch amly (1) for the transmit branch. A digital AFC unit givése phasé,r for each transmitted
pulse, and also measures the transmitted frequigéicyhe local oscillator is adjusted to followethransmitted frequency
variations, but the frequengy (t) - f_o(t)] of the base-band signal is not exactly zero sotti@phase of a signal received
from a static isolated target also depends ondahgbng timetg,,

To take account of these points, the following depment gives the formulation of the phap@s.mt) for a signal
transmitted at a frequendft), backscattered by a isolated remote target locatednger, mixed with a sinusoidal local
oscillator of frequency o(t), and sampled at a delay,, after transmission. At the receiver input, the $raitted pulse
Srx (1), and the signal&(T) received from the target after a detay.e, are given by:
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S (1) = (:05[277f (t)l' + ¢0Tx] for7 0 |.0’ Z-pulseJ (3)

SRX (T) = ASTX (T - Z-travel ) = ACOS[an (t )(T - Z-travel )+ ¢0TX ] fOf r D [Ttravel ’Ttravel + z-pulse]

whereTyuseis the pulse duration anjgrxis the transmitted phase. The constant A is fotahget amplitude return.
At the receiver output, after multiplication by ttexal oscillatorLO(t )=cos[2 o(t)T-do0] and low pass filtering, we
have:

Riy (7) = 11y + [Qrx =expd[27(F () fio ()T +@or] forz0[0,7,,]
RRX (T) = I RX + JQ RX = Aexp J[27T( f (t)T - fLO (t)T - f (t)TtraveI + ¢0T ] fOf r D [Ttravel ’Ttravel + Z-pulse
Wheredor =dorx -PoLo IS the measured transmitted phasetfd.

Rrx(1) is a sinusoidal signal of frequenfy(t) - f o(t)] and duratiortpulse The signal is sampled at timg,,, which is
close, but not exactly equal, tg,e. The measured phagéts,mt) is given by the argument &:x(t ) for T =1somand, after

subtraction ofbgr :
¢(Tsam’t) = 277(f (t)rsam - f (t)rtravel - fLO (t)rsam)-'- ¢target (5)

] (4)

Hereq, f, fLo andtgave are all functions of the measurement time t.

To reveal the effects of refractivity variationshieh are hidden intravel, we define a “reference refractiviti as the
refractivity in reference conditions of temperatyseessure and humidity. Eq.(2) then becomes:

n(x,t)=1+10°N(x,t) =1+10°|N,; + N(x,1)] 6)
Using Eq.(1), (5) and (6), we obtain:
¢(Tsam’t) = 2]7[_ fLO (t)rsam + f (t)AT - f (t)ATN (Tsam’t))]

(ratref ) = Z-sam - a 2r 10_6 Nref (7)

withAr =1, -T - o

travel

o
andAr, (1,,,t) = %j AN (x,t)dx
0

For each pixelAtis a constant equal to the difference (mismatctwéen the sampling time and the travel time under
reference condition&Aty (Tsamt) is the supplementary propagation delay due to iffiereince of refractivitydN(x,t) from the
reference conditions.

Starting from EQq.(7), it is straightforward to oiotathe expression for the differendep(tsamt,te) between phases
measured at timeand at a reference tinig;, for signals both sampled at the same samplingtign:

- [fLO (t) - fLO (tref )]Tsam
Dp(romtity )=2m +[1) - f(t)ar ®
- f (tref )ATN (Tsam't)

In the computation of the third term, we have netglé the phase contribution aff®(t,er)-f(t)] At( Tsamt), €qual to 3.6° for
largest values dft,e)-f(t)=500kHzandAty(Tsamt)= 0.02us.

Therefore the contributions of the variables are/ mompletely separatedi;o(t) alone in the first termi(t) alone in the
second term, and N(r,t) alone in the third termiAEq.(5), the phase different@is the sum of three terms, each of which
is the product of a frequency by a time-delay:

« the first 1ocal oscillator term” is the product of f{ o(t)— fLo(tier)] DY Tsam A coOrrection is easy to achieve as long as the
oscillator frequencyio(t) is precisely known. An accuracy of 1 (in N unitsadls to a phase change of 13°/km at C band.
Using Eq.(8), a simple computation shows that itesponds to a relative accuracy of 5 Hhf,o(t). This can be easily
obtained with a synthesizer synchronized by a tbetated reference;

 the secondrhismatch term” is the product off(t)-f(t.e)] by the constamrt .

+ the third Tefractivity term” is the product of the constafft.e) by Atn(Tsamt) Which is the difference, between tintesnd
ter, In the delay produced by the refractivity charfigen the reference. It is the classical expressibphase versus
refractivity change.

2.2. Fabry Algorithm

The Fabry algorithm (Fabry et al, 1997, Fabry, 90B4used to estimate a local refractivity. The moet has been
developed for coherent radar. As the ARAMIS netwisr&nly composed by non-coherent radar, the alyorivas modified
to take in account the frequency drift. The forniola adapted to the frequency drift, describechim previous section, has
been implemented in the algorithm. This study Has the objective to validate the use of the nayodthm version on the
Météo France radar.
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The algorithm is composed in two steps, the fins¢ ¢o obtain target calibration information, ané gecond one to
estimate the local refractivity around the raddre Talibration step is focused on the identificatdd “good ground targets”
and on the estimation of a refractivity referengg. Nhen, the algorithm can estimate, for every gdotanget, a refractivity
change between two PPI; and with thg Map, a refractivity map around the radar.

The algorithm leads to correct the refractivityfuinction of the distance between the radar andatget. The objective is
to decrease the aliasing risk, and so the errtreofefractivity estimation.

It was successfully used in the United States dutie IHOP campaign (Fabry, 2006) and elsewhere.

3. Case study

The 16" October 2012 is selected for the present studys &ha typical case of a moist air advection fréme
Mediterranean Sea to the continent.
The time evolution of the meteorological situataam be separation in three different steps:

e From 1100 to 1300 UTC: the atmosphere is impactethé diurnal cycle. From an atmosphere relativedym
(~20°C) and dry (~40% of humidity), the diurnal &/éeads to an increase of the temperature andrzake of
the humidity;

e From 1300 to ~1600 UTC: the diurnal cycle is atnitaximum, but no temperature and humidity variatiene
observed.

e From ~1600 to 1800 UTC: moist air coming from tka sidvect over the Nimes region. The humidity to
70-80% in a few hours. Moreover, the diurnal cyeadding to this phenomenon, and the temperagire i
decreasing.

This case study is well document by the surfacgostaf the RADOME network. Six surface stations #&cated in the
area. This network is complete by the AROME analgsiailable every 3 hours (1200, 1500 and 1800 fHFGhis study),
and also by the radar of Nimes. This radar is @éar®}, Doppler, dual-polarisation of the ARAMIS netk

4. Comparison

In this section, we compare the refractivity meaduby the magnetron radar to the refractivity dalad from AWS
surface station (section 4.1) and calculated foROME analysis (section 4.2).

4.1. Radar versus surface stations

The comparison is done at the location of each AW Fabry algorithm allows calculating a locaraefivity between
two ground targets, and we must have ground tatgetged in the real vicinity of the AWS to insuhat the comparison is
meaningful. Around the radar, 4 surface statioesl@cated within ground targets regions (3003430209002, 30189001,
30258001), and 2 others are located at the limigrmfund targets regions (30334003, 30258003). Thface station

refractivity is calculated every hour from the etipry = 77 6 P + 373000 € -
T 2

The radar refractivity measurement is done throtigh algorithm for the entire time period (8 hourahd the gate
corresponding to the surface station position teaexed.

Surface Station and Radar Intercomparison
16 October 2011
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Fig. 1 Comparison of refractivity time series foABVS surface stations (in black) and the correspancadar gate (in
grey). The humidity and the temperature at theamgrfstation are in blue and in red, respectivelye §rey dash-line
correspond to the error made on the radar measurgme
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Figure 1 shows that the refractivity (radar andtinsare in good agreement for stations situatdtiiithe ground echoes
area (30034002, 30209002, 30189001 and 3025806#)radar is able to retrieve the time evolutiothefrefractivity, with
an abrupt increase around the middle of the aftarndrom 1400UTC to 1700UTC - the time of this aefivity drift
depends on the position of the AWS). This abrupingfe is the consequence of the humidity increasigeifow atmosphere
(described in section 3).

However, we observed that the AWS time series areother than the radar ones. We also observe a oroless
important time delay between radar and AWS timésaparticularly for stations 30189001, 3025800d 388034002. This
is due to the different sampling rate between rg§flaminutes) and AWS (1 hour measurements.

We observe a bias for some stations (30189001 @288801). It is probably due to our calibration noet we define the
beginning of the analysed period (11h UTC) as #ference time, for which we suppose that the rafiacis homogeneous
all over the area. This assumption is obviouslysadisfied, regarding the scatter of AWS measurésnainthis time, larger
than 10 (N unity).

Looking now to the measurements in the border aséfized echoes (Fig. 1, 30334003 and 30258008)phserve that
radar and AWS measurements are not in agreemeatratiar refractivity measurement can not be goedatse, the target
is not stable in time. Indeed, the error made errddar measurement (gray dash line) is strongdjer part of time.

Apart from this limitation, we can conclude thag tradar refractivity, measured with the algorithirabry, gives good
results and allows identifying the advection of st@iir on the continent.

4.2. Radar versus AROME analysis

As describe in section 3, AROME analysis are abélat 1200, 1500 and 1800 UTC. Figure 2 illustthterefractivity

pattern from the radar (a, b and c respectivelg)famm the model (d, e and f respectively).
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Fig. 2 Refractivity map in the Nimes region: frdme tadar (a) at 1200UTC, (b) 1500UTC and (c) 180@,Jfrom AROME
analysis (d) at 1200UTC, (e) at 1500UTC and (f)Q80C. The black circle correspond to the limittoé recording radar
data (30 km from the radar), and the black stathte radar position

At 1200 UTC (Fig. 2 a and d), refractivity fieldeedn accordance, comprised between 315 and 324ithl tHigher values
of refractivity in the Camargue region in the AROMEta (south of the domain) cannot be observedéyddar. Indeed,
this region is a wetland, without useful groundyé&ds by the algorithm. These high values of reivigtare generated by the
advection of moist air from the sea.

In the Rhone valley (east of the radar), AROME wsialfield also presents high refractivity value835 N units). This is
not observed with the radar measurement, probaddgise AROME overestimates the surface fluxespatite evaporation
generate by the Rhone River.

Eastward of the radar, low value of refractivithdze observed on the radar measurement. Thisctisfarobably due to
a side lobe of the antenna. The algorithm of Félaiyya powerful processing to eliminate the side leifects, but it failed in
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this case, due to the saturation of the groundeschibhe saturation leads to underestimate the drtawget intensity, and so
to underestimate the intensity of the side lobes.

At 1500 UTC (Fig. 2 b and e), the moist air adwattcan be both observed on the radar and AROMHSsfighdeed, a
high values area of refractivity is now presentlom major part of the domain. The refractivity ling less marked with the
radar measurement. However, the increase of thectifity, induced by the increase of the humidisyyisible.

The artifact is still present at the east sidéhefradar domain.

At 1800 UTC (Fig. 2 ¢ and f), the two refractivitglds are identical. The advection of the moisisanow present over
the whole domain. The higher refractivity values present in the Rhone valley.
The artifact is still there!

The refractivity measurement from the radar is cehewith the refractivity analysis from AROME. leed, the global
intensity of the refractivity, the time and the gesphical evolutions are similar. Some differencas be noted, as side lobe
elimination, are present.

5. Conclusions

Firstly, this case study is a supplementary vailishadf the new formulation of the refractivity ediom to take into account
the frequency drift of non-coherent radars. Indéleel retrieved refractivities are in accordancéniliie refractivity measured
by AWS. Moreover, the refractivity maps estimateithwhe radar are also in good accordance withAR®OME analysis
fields.

This study also highlights the possibility to uséactivity measurement to follow the transitiorivisaeen dry and moist air
masses. Indeed, the refractivity increase indugeth® increase of the humidity, well identified BWS, is also observed
with the radar. Thus the radar can map the refriactat low level, and so give spatial information the humidity field at
low altitudes.

Future works will be based on the assimilationhaf tadar refractivity, particularly during the HyMe&ampaign. Theses
works are complete by in progress studies to imprthe quality of the radar measurement by usingtulee available
polarisation and by using other elevation anglesrder to decrease the aliasing rate of the meamsune
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