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Abstract. The RadAlp experiment aims at developing advamethods for rain and snow estimation using weathéar
remote sensing techniques in high mountain regimmisnproved water resource assessment and hydealagsk mitigation.
A unique observation system has been deployed gidité in the Grenoble region, France. It is comgadea X-band radar
15 operated by Météo-France on top of the Mt Moucher(@970 m asl; MOUC radar hereinafter). In ther®ige valley (220
m asl), we operate a research X-band radar calR@RT andn situ sensors (weather station, rain gauge, disdrométér)
present in this article a methodology for studytimgrelationship between the total differentialsghg ., ) and path-integrated
attenuation RIA) at X-Band, a relationship critical for the implemt&tion of attenuation corrections based on poletriyn
We use the Mountain Reference Technique for diPéatestimations associated with the decrease aofiretfrom mountain
20 targets during precipitation events. The polariio@A estimations are based on the regularizatidhei),, radial profiles
and their derivation in terms of specific differiahiphase K,,,) profiles, followed by the application of relatihips between
the specific attenuation and the specific diffeismthase. Such — K, relationships are estimated for rain by using axd
DSD measurements, empirical oblateness modelsafodnops and a scattering model. Two contrastedigatation events
are considered in this preliminary study: (i) a \oective case with strong rainrates allows us talystthe ¢4, — PIA
25 relationship in rain; (ii) during a stratiform caséth moderate rainrates, for which the meltingela¢ML) rose up from about
1000 m asl up to 2500 m asl, we were able to perfohorizontal scanning of the ML with the MOUC aa@nd a detailed
analysis of thep,, — PIA relationship in the various parts of the ML. Tiaén case study indicates that the relationship
between MRT-derived PIAs and polarimetry-deriveddpresents a considerable dispersion (explaingdnee of 0.72) in
rain. Interestingly, the non-linear— K, relationship derived from independent DSD measerdsallows obtaining almost
30 unbiased PIA estimates. For the stratiform caseatrerage®IA /vy, ratio peaks within the melting layer at the levkthe

co-polar correlation coefficienpf,,) peak, just below the reflectivity peak, with dueof about 0.4 dB degréelts value in
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rain below the ML is 0.27 dB degréen very good agreement with the slope of thedirie— K, relationship derived from
DSD measurements at ground level. Pd /v, ratio remains quite strong in the upper parhefML, between 0.32 and

0.38 dB degreg before tending towards 0 above the ML.

1 Introduction

Estimation of atmospheric precipitation (solidquid) is of paramount importance in a mountain@gsan such as the Alps
for the assessment and management of water andresowrces for drinking water, hydro-power produttiagriculture and
tourism, characterized by high seasonal variabilipe of the most critical application concerns piediction of natural
hazards associated with intense precipitation agltimg of snowpacks, i.e. inundations, floods, lilflsods and gravitational
movements, which requires a high-resolution obsemaspatial resolutios 1kn? and temporal resolution 1hr. While this
can hardly be achieved with traditionatsitu raingauge networks, the use of radar remote sgsia a high potential that
needs to be exploited but also a number of linutetithat need to be overpassed. Quantitative P Estimation (QPE)
with radar remote sensing in a complex terrain aglthe Alps is made challenging by the topogregity the space-time
structure and dynamics of precipitation systemslaR@overage of the mountain regions brings thevahg dilemma. On
the one hand, installing a radar at the top of aintain allows a 360° panoramic view and thereftwe dbility to detect
precipitation systems over a long range at theorediscale. This is particularly relevant for lozatl and heavy convective
systems in warm seasons. But the precipitatiofkédyl to undergo significant change in between dite and arrival at
ground level, including a phase change when tt@i8dtherm is located at the level of or lower th@aradar elevation. Such
situations are likely to be frequent during coldipas, with a strong impact on QPE quality at gmblevel. On the other hand,
installing a radar at the bottom of the valley pdeg high resolution and quality data requiredviainerable and densely

populated Alpine valleys, but the QPEs are limagethe latter due to beam blockage by surroundiagntains.

MeteoSwiss has a long-standing experience in apgrias C-band radar network in the Alps (Joss bee, 1995; Germann
et al. 2006) and at coping with the associatetudii dilemma. In addition to physically-based raizta processing aimed at
determining vertical profiles of reflectivity and #king benefit of polarimetry, sophisticated nadgingauge merging
techniques and echo tracking techniques, as weiuagerical prediction models outputs (Sideris e28ll4; Foresti et al.
2018) are implemented to better understand andtifipahe complexity of precipitation distributiomisuch a rugged
environment. More recently, Météo-France has chaseomplement the coverage of its operationalradawvork ARAMIS
(for Application Radar a la Météorologie Infra-Syigue) in the Alps by means of X-Band polarimeaiied Doppler radars.
A first set of three radars was installed in Sotrth&lps within the RHYyTMME project (Risques Hydrotéérologiques en
Territoires de Montagnes et Méditerranéens) inpngod 2008-2013 at Montagne de Maurel (1770 m ats@a level, asl),
Mont Colombis (1740 m asl) and Vars Mayt (2400 fh @¥estrelin et al. 2012). This effort has beentawed in 2014-2015
with the installation of an additional X-band radgstem (MOUC radar, hereinafter) on top of the ktddoucherotte (1920
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m) that dominates the valley of Grenoble, the bég@éy in the French Alps with about 500,000 initefits. The choice of
the X-Band frequency is challenging due to its Bifity to attenuation (e.g. Delrieu et al. 2000).the past, the IGE radar
team has proposed the so-called Mountain Referéecknique (MRT) (Delrieu et al. 1997; Serrar e2&l00; Bouilloud et
al. 2009) to take advantage of this drawback fdh loorrecting for attenuation and performing a-selfbration of the radar.
The idea was to estimate path-integrated attems(i®lA) in some specific directions from the deseof mountain returns
during rainy periods. Such PIA estimates were thsed as constraints for backward or forward attémmiacorrection
algorithms (Marzoug and Amayenc 1994) with optirtima of an effective radar calibration error, givandrop size
distribution (DSD) parameterization. The developtrapolarimetric radar techniques (e.g. Bringi @&ttandrasakar 2001;
Ryzhkov et al. 2005) has allowed a scientific bteedugh for guantitative precipitation estimatid@RE) at X-band by
exploiting the relationship which exists betweem specific differential phasé(,,, in ° km*) and the specific attenuatidn
(dB knt?). Similarly to the MRT, the differential propagati phasab g, (r;) — @4, (1) Over a given patiir, ,r;) can be
used to estimatBIA(r,,r;), which can be used to constrain a backward atteEmueorrection algorithm and allow a self-
calibration of the radar and/or an adjustment ef IISD parameterization (Testud et al. 2000; Ryzhéwal. 2014). Two
major advantages of the polarimetric technique dwerMRT can be formulated: (1) the availabilityRIfA constraints for
any direction with significant precipitation and) (fhe subsequent possibility to use a backwarchadton correction
algorithm, which is known to be stable while thewfard formulation is essentially unstable. Accongtfor their respective
potential in different rain regimes (moderate t@ahg, some combined algorithms making use of varipalarimetric
observables (reflectivity, differential reflectiyiand specific differential phase) have also beepgsed for the X-Band
frequency (e.g. Matrosov and Clark, 2002; Matrostval. 2005; Koffi et al. 2014). Although the pataetric QPE
methodology is now quite well established and \aéd for rainy precipitation (Matrosov et al., 208&agnostou et al. 2004;
Diss et al. 2009), Yu et al. (2018) point out, it first performance assessment of the RHyTMMdaranetwork, (i) the
need to better understand and quantify attenuafiects in the melting layer (ML), (ii) the importee of non-uniform beam
filling (NUBF) effects at medium to long rangessimch a high-mountain context, as well as (jiii)$trenger impact of radome

attenuation at X-band compared to S- or C-Band.

Since 2016, we have the opportunity to operateseareh X-Band polarimetric radar system (XPORT rrdugeinafter) at
IGE at the bottom of the Grenoble valley. This weidacility, consisting of two radar systems 11 &part operating on an
altitudinal gradient of about 1700 m, should enalddo make progress on how to deal with the diitdilemma and with
potential / issues associated with the choice @Mtbhand operating frequency. Following a firsicdetbased on the RadAlp
experiment about the characterization of the mgl@yer (Khanal et al. 2019), we concentrate hafen on the relationship
between total differential phase,) derived from polarimetry and PIA derived from & T. In section 2, we present the
observation system available, as well as the twudrasted rainy events considered in this studya @pnvective case with
strong rainrates, for which the melting layer wadlabove the detection domain of the XPORT radbows us to study the

¢ap — PIA relationship in rain; (i) during a stratiform ewith moderate rainrates, for which the meltingtarose up from

3
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about 1000 m asl up to 2500 m asl, we were abjeetiorm a horizontal scanning of the ML with the MO radar and a
detailed analysis of the,, — PIA relationship in the various layers of the ML. Wegent and illustrate in section 3 the
methodology used for the PIA agg, estimation. We also investigate in section 3 tiationship between the specific
differential phaseK 4,,) and the specific attenuatiok)(thanks to drop size distribution (DSD) measuretienllected in the
Grenoble valley during the two events. The residiscerning thep,, — PIA relationship in rain and in the ML are presented

and discussed in section 4, while conclusions angpectives are drawn in section 5.

2. Observation system and datasets
2.1. Observation system

Grenoble is a Y-shaped alluvial valley in the FlieAdps with a mean altitude of about 220 m aslaumnded by three mountain
ranges: Chartreuse (culminating at 2083 m aslhpeonbrth, Belledonne (2977 m) to the south-east\erdors (2307 m) to

the west. Figure 1 shows the topography of the asesell as the positions of the Météo-France ragstem on top of the Mt
Moucherotte and the IGE experimental site at théoboof the valley.

Figure 1 here

Among other devices, the IGE experimental siteudek: (i) the IGE XPORT research radar [13], segeTa for the list of

its main parameters; (ii) one micro-rain radar (MRt used in the current study, (iii) one meteogatal station including

pressure, temperature, humidity, wind probes amdrakraingauges, (iv) one PARSIVEL2 disdrometédre Tharacteristics
of the MOUC radar are listed in Table 1 as wellO8PT radar was constructed in the laboratory ir2®@0s. It was operated
during more than 10 years in Western Africa witthia AMMA and Megha Tropiques Cal-Val campaigns.c8iits return in

France in 2016, a maintenance and updating proggamderway to improve its functionalities, notahlith respect to the
real time data processing and the antenna comogram. One noticeable feature for XPORT radanésrange bin size of 33
m (corresponding actually to an over-sampling sificea pulse width of 1 us, the theoretical biresis 150 m) which is an
interesting figure for the close range and volum&asurements considered in this study. Note thé¢ wie MOUC radar is
operated 24 hours a day and its data integratéikilMétéo France mosaic radar products, the XPQid@rris operated on

alerts only for significant precipitation events.

2.2 Dataset

Figure 2 gives presents the two contrasted raintsw@nsidered in this study. In both cases, tte# tain amount observed
at the IGE site was about 35 mm, but in 3 hour wito peak rainrates of about 40 mrhfor the July 21, 2017 convective
event while the January 3-4, 2018 stratiform elasted more than 12 hours with an average raiofabdout 3 mm #. The

two events also differ by their vertical structufée bottom graphs of Fig. 2 display the time seoithe altitudes of the tops,
peaks and bottoms of the horizontal reflectivithand co-polar correlation coefficienpf,, ) signatures of the ML, derived

4
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from the automatic detection algorithm describedlivanal et al. (2019). The quasi-vertical profi(&yzhkov et al. 2016)

derived from the XPORT 25°-PPlIs are consideretierML detection. For the convective case, the mglayer extends from
3000 up to 4000 m asl and more, i.e. well aboveattizides of the two radars. For the stratifornery the ML extends
between 800 and 1500 m asl during the first pathefevent (between January 3 20:00 UTC to Janti@3.30 UTC) and

then rises in about 2 hours to stabilize at atuaki range of about 2200-2800 m asl after 04:00 \PESsing progressively
at the level of the MOUC radar in the meantime.

Figure 2 here

In the following, we will consider the XPORT radareasurements at the elevation angle of 7.5° andvil@&/C radar

measurements at the elevation angle of 0° to dtuelg,,, — PIA relationship in rain and in the ML, respectively.

As an additional illustration of the dataset, RBggives two examples of XPORT PPIs at 7.5° elewatingle for moderate
(left) and intense (right) rain during the July 2017 event. As a clear feature, one can seefthiahis elevation angle, the
radar beam is fully blocked by the Chartreuse maianange in the northern sector. Also visiblehe horth-east sector and,
to a lesser extent, in the south-west sector apahtial beam blockages associated with tall treéfee vicinity of the XPORT

radar on the Grenoble campus. This figure is mastignded to draw the attention of the reader @décrease on the
Chamrousse and Moucherotte mountain returns (wrddrcircles) during the intense rain time step gared to their values

in moderate rain, as a first illustration of the WBrinciple.

Figure 3 here

3. Methodology
3.1. Path-integrated attenuation and differential popagation phase estimation
Our aim is to study the relationship between twdaraobservables of propagation effects at X-Barath{qntegrated

attenuation and differential propagation phasetdygecipitation occurring along the radar path.

Let us express the PIA (in dB) at a given randkm) as:
PIA(r) = PIA(r) + 2 f k(s) ds 1)

wherek(s) (dB kn?) is the specific attenuation due to rain at ranglem). r, is the range where the measurements start to
become exploitable, i.e. the range where measurtsraea free of ground clutter associated with &ithe effects. The term
PIA(r,) represents the so-called on-site attenuationtregdtom radome attenuation and range attenuataange closer

thanr,. Delrieu et al. (1999) have proposed an assessofetite quality of PIA estimates from mountain res by

5
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implementing a receiving antenna in the Belledommintain range in conjunction with an X-band radperated on the
Grenoble campus. Basically, they found a good agee¢ between the two PIA estimates for PIAs excegthe natural

variability of the mountain reference target duriry weather. They recommended using strong mouméurns (greater
than e.g. 50 dBZ during dry weather) so as to miireérthe impact of precipitation falling over théerence target itself. They
also point out that this approach is not able frasste the effects of on-site and range attenuafibey verified however, by
implementing the receiving antenna close to thargat a range of about 200 m), that the on-stenaation was negligible
for a radomeless radar, which is the case for ROXT radar but not for the MOUC radar. Anotherrieséing feature of the

MRT PIA estimator is its independence with resgeaventual radar calibration errors.

Now, let us express the differential propagatioagehbetween co-polar (hh and vv) received sigrsals a
Vap() = 2 [} Kap(s) ds + 8y (1) )

whereKy, (s) is the specific differential phase [° Kifrelated to precipitation at any rangebetweeny, andr, ands, (r) is

the differential phase upon scattering [°] at range

The quantity of interest, the differential propagatphase associated with precipitation along tié,ds denoted:
bap() = 2 [, Kap(s) ds = Wap(r) = 6 (1) ©)

Like with the on-site attenuation for the MRT teirjue, we have here a problem with the possible@rfte of the differential
phase upon scatterinfy, (r) that may introduce a positive bias on the estimatb the differential propagation phase
associated with precipitation along the path. Wid fn the literature (e.g. Otto and Russenberg 28thneebeli and Berne
2012) power-law relationships betwe&p, andZ,, at X-band in rain, giving values for backscattgriphase shift in the
ranges of [0.6 — 1.0] and [2.1 — 3.5] for diffeiahteflectivity of 1 and 2 dB, respectively. Seathg simulations based on
disdrometer data (Tromel et al. 2013) indicate thete is quite a large scatter with respect té @owver-law models and an
important influence of the considered hydrometeangerature. Keeping this problem and the relatddrerof magnitude in
mind, we will consider in this preliminary stugy,, to be an estimator @g,. In other words we will supposs, to be

negligible with respect te,.

Other difficulties in thep,,, estimation are in identifying the system diffefahphase and in dealing with the noise affecting
the Y4, measurements. The system differential phase wisated by the median value of the rawy, profile over theN
closest rainy rain gates (see below for the detatiun of the rainy range gates), witkr 10 for XPORT radar, i.e. a range
extent of 330 m antli= 4 for MOUC radar, i.e. a range extent of 960 m. Reigg thel,, measurement noise, we have
implemented a regularization procedure proposedibwynd Gaussiat (2018) which consists in definingupper envelope
curve and a lower envelope curve of the measugdprofile that are progressively brought together ey iterative
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elimination of anomaloug 4, jumps from one range gate to the next. In a fitep, the regularizedl,, profile (increasing
monotonous curve) is estimated by taking the awerdighe upper and lower envelope curves. Suchguoritom may be

efficient to some extent to filter nonmonotonic aeiour of they 4, profile associated with contribution frody,,.

For both the PIA andy,,, estimators, it was found necessary to determirgatied rainy range gates along the path, espgciall
to determine the, value and a range value close to the referengetiatenoted,, for which theys,, values are not affected
by mountain clutter. For this purpose, we consideaegiven range gate as rainyZjf = 15 dBZ andpy,, = 0.95 for rain
profiles. We had to suppress thyg, constraint for profiles passing through the meltimyer, due to the well-known decrease
of py, in the ML (Khanal et al. 2019).

Figure 4 illustrates the PIA anf,,, estimation method for a given mountain target fier neasurements of the 7.5° PPI of
the XPORT radar for two time steps during the cative event of July 21, 2017. The selected targetrege 14 km (top
graph) comprises a series of successive gategwittveather mean reflectivity value greater thardBZ. The raw
reflectivity profiles exhibit a decrease of aboudrid 20 dB compared to the dry-weather returniseatedference target
range. The measureg,, profiles (middle) are comparatively noisier in \kgaecipitation. The regularization procedure is
illustrated with the display of the two envelopevas. The resulting increasing monotonous curvesige good fits to the
raw profiles, withyr,,, estimates of 12 and 60° near the reference moutaaget for the two examples. Thg, profiles
(bottom graphs) confirm that rain is present onethtire profiles and they allow to detect clutteclase range and for the
mountain reference target. Note that phgperturbations in the region of the mountain taggetless pronounced for the
case with more intense precipitation (right), ptaas the result of heavier rain falling over theuntain itself.

Figure 4 here

Figure 5 provides another illustration of the mekblogy with the time series of (a) the apparerientivity of a given
mountain target, (b) the resulting PIA estimatesl &) the,, () estimates for the 0°-PPI of the MOUC radar during
the stratiform event of January 3-4, 2018. The ti@egod considered in the figure ranges from 0QJOT to 06:00 UTC

on January %, 2018 in order to focus on the rising of the Mltvaeen 02:00 UTC and 04:00 UTC. The considered targe
is located at distances comprised between 26.2adkm from the radar. The bottom plot (d) of Fdlisplays the
results of the ML detection algorithm (Khanal et2019) in terms of the altitudes of the top, paa#l bottom of the,
(blue) and the,,,, (orange) ML signatures. The altitude of #hetop inflexion point is assumed to correspond ®QhC
isotherm altitude while thg,,, bottom inflexion point corresponds well with thettom of the ML according to Khanal et
al. (2019). We therefore define the ML width as &litéude difference between Zh top amg bottom.

Before 02:00 UTC, the ML is well below the altitudethe MOUC radar. MOUC radar measurements adDthalevation

angle are therefore made in snowl/ice precipitadiofng this period. Based on the ML detection rssthe passage of the

7
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ML at the altitude of the MOUC radar begins at &@120 UTC and ends at 04:10 UTC. After this tifdQUC radar
measurements are therefore made in rainfall. Agsgi@itenuation at X-band to be negligible in snaw,consider the
average of the apparent reflectivity of the mountaiference target between 00:00 UTC and 02:00 (ib@zontal red
line in Fig. 5a) as the dry-weather reference vadugiired for our PIA estimations. During this pekithe PIA is
subsequently set to 0. The mean valug gf(ry,) is equal to 12.3°, resulting in a specific diffetial phase of 0.22 °kth
if the differential phase upon scattering is ne@dcSuch values indicate a significant heteroggmdithe horizontal and
vertical dimensions of the snow/ice hydrometeors.

Figure5 here

During the other two periods, the PIA is simplyimstted as the difference between the dry-weatHererce value and the
apparent reflectivity of the mountain target at tomsidered time step. Note that a slightly monehsiicated method has
been proposed in [7] to determine the dry-weatleeHline by considering the reference target rigfiee before and after
precipitation, in an attempt to account for possiéffects of the wetting of the mountain surfaddee reference mountain
returns do not exhibit significant differences refand after precipitation (not shown in Fig. 5csinve concentrate on the
period of ML rising), which justifies the simple thed used in this study. During the rainy perioteaf4:10 UTC, the
average PIA is 3.3 dB, corresponding to an avesggeific attenuation of 0.059 dB KmThis estimate is rather high
(overestimation of 37%) if compared with the spedifttenuation estimate derived from the- R relationship proposed by
Delrieu et al. (1991) for widespread rainfall atBénd for a temperature of 0°G = 1.05 1072 R*!5. This empirical
relationship yields = 0.037 dB k! for R = 3 mm h?; the latter value being the average rainrate oleskat the IGE site
between 04:00 UTC and 06:00 UTC. The avenagg(ry,) value during the same period is 9.7°, correspanttira meaik;,,
value of 0.173 °kn if the differential phase upon scattering is neggd. Using thé — K, relationship established for this
event by using the DSD measurements availableed@GR site (see section 3.2 below), one obtaihvalue of 0.036 dB km
1 in remarkable agreement with tkeestimate derived from the— R relationship for widespread rainfall. These simple
calculations have to be considered with cautionvéier, they suggest a slight PIA overestimatioalofut 1 dB during the

rainy period, which could be well associated waHame attenuation of the MOUC radar.

Our main objective with the January 3-4, 2018 evend study thep,, — PIA relationship within the ML. Figure 5 clearly
indicates that both variables take, as expecteghehivalues during that period compared to dudregsnow and the rainy
periods. The maximum values reached are 13.1 dBl#&rand 23.0° foljs4, (). Figures 5b and 5c also show that the co-
fluctuation of the two time series is not that gatriing the ML period with &, () signal having a trapezoidal shape with
maximum values between 02:35 UTC and 03:15 UTCenthieé PIA signal is more triangular and peaks at®®TC. We
note that the two signals compare well after thek@nd that they both peak down at around 04:00 Whénh measurements
are made in the lowest part of the ML. These featare quite systematic for all the sixteen targetsidered for the MOUC

8
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radar for this event, giving the impression that th,,, — PIA relationship depends on the position within the afid as such

on the physical processes occurring during theingelT his point will be further illustrated and dissed in sub-section 4.2.

3.2. Study of thek — Ky, relationship in rain from in-situ DSD measurements

Before presenting the analysis of thg, — PIA relationship in rain and in the melting layer lthea the estimates for all
the mountain targets and time steps availablen®two events, we study in this sub-sectionithe K, relationships that
we were able to derive from the DSD measuremeriiisoted at ground level at the IGE site. For botargs, precipitation
was in the form of rainfall at this altitude. As fihe scattering model, we used the CANTMAT versich software
programme that was developed at Colorado Stateesity by C. Tang and V.N. Bringi. The raw PARSIVEDSD
measurements have a time resolution of 1 min. Dhemvetric concentrations were computed with a 5-rasolution and
binned into 32 diameter classes with increasingssirom 0.125 mm up to 6 mm. The CANTMAT softwasesithe T-
Matrix formulation to compute radar observableshsas horizontal reflectivity, vertical reflectivitdifferential reflectivity,
co-polar cross-correlation, specific attenuatigrecific phase shift, etc, as a function of the D8i@,radar frequency, air
temperature, oblateness models (e.g. Beard andhGHi@87; Andsager et al. 1999; Thurai and Bringi%®)tand canting
models for the rain drops as well as the incidearggle of the electromagnetic waves. Figure 6 dysplhe empiricak —
K4, pairs of points obtained for the two events as aelihe fits of least-square linear models and pdave non-linear

regressions.

Figure 6 here

Based on the literature review mentioning an almostar relationship betweek and K, at X-Band (Bringi and
Chandrasakar, 2001; Testud et al. 2000; SchneaheBerne 2012) we have first tested a linear ssipa with an intercept
forced to be equal to O (red line in Fig. 6). Timple model indeed provides a rather good fihedata, especially for the
convective event. Due to the observed bendingegtatterplots, we have also tested a non-lingmession to a power-law
model (blue curve) which significantly improves fiténgs. A sensitivity analysis was performedirder to test the influence
of the raindrop temperature, the raindrop oblatermasdel, the standard deviation of the canting eigtribution, the
incidence angle. For reasonable ranges of variatidhese parameters, the DSD itself appears tbéenost influent factor
on the values of the regression coefficients. We thmt the slopes of our O-forced linear modedssignificantly higher than
values proposed in the literature (0.233 in [10208 — 0.245 in [19]). The exponents of the fitpedver-law models are also
significantly higher than 1.0. The fits in Fig. 6reespond to the most likely parameterization efgbattering model in terms
of temperature and incidence angles for the twaisyeé.e. 20°C and 7.5° for the convective case @it and 0° for the

stratiform case. The Beard and Chuang (1987) fatimr was used as the raindrop oblateness model.
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4. Results

4.1. Study of thedry, — PIA relationship in rain

285
Figure 7 displays the scatterplot of thg, — PIA values obtained for the July 12017 convective event with the XPORT
7.5°-PPI data, following the methodology descrilredection 3.1. The data from sixteen mountaindegsituated between
4 and 16 km from the XPORT radar, were considengel took care to discard targets leading to recesaguration at closer
ranges. Pairs of points for which MRT PIA estimatese less than 1 dB were discarded as well towatdor the temporal

290 variability of the dry-weather mountain returns.ig'threshold can be seen as a sensitivity limthefMRT PIA estimator.
Since we consider the two variables on an equairfgowe preferred to calculate the least-rectamgdgression (blue straight
line) between the two variables rather than thetlequares regression of one variable over the ot One can notice the
rather large dispersion of the scatterplot, witplaied variance of 72%. Quite remarkably, the esgion slope (0.44) is
relatively close to th& — Ky, linear relationship (0.353), reported as the tegight line in Fig. 7.

295
Figure 7 here

To go further, Fig. 8 presents the comparison efMiRT-derived PlAs with the polarimetry-derived BlA-or the latter, we
simply calculated the derivative of the XPORYE, profiles and applied the — K, relationships derived from disdrometer
300 measurements (Fig. 6 left). No attempt was madenect thep,, profiles for effect of the differential phase upsmattering,
i.e. we assumeyg, = 1g,. As one could guess from examination of Fig. & lineark — K, relationship leads to a
significant positive bias for the polarimetry-dexil PIAs with a least-rectangles slope of 1.29. Mbe-lineark — K,

relationship does indeed a good job in reducing ibids (least-rectangles slope of 1.05).

305 Figure8here

4.2. Study of thedry, — PIA relationship in the Melting Layer

Figure 9 displays the scatterplot of thg, — PIA values obtained for the Januaf¥; 2018 stratiform event with the MOUC
310 0°-PPI data, following the methodology describedeéction 3.1. The data from sixteen mountain targetuated between 8

and 42 km from the MOUC radar, were consideredeNioat a majority of them are located between 22 3hkm. Here

again a 1dB threshold was taken into account asethsitivity limit of the MRT PIA estimator. Onercaee that the correlation

between the two variables is severely degraded acedpo the rain case with an explained variande4i, a least-rectangle

10
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slope of 0.68 dB degréeand an intercept of -6.44 dB. The red line iskthe Ky, linear regression determined with the DSD
observed at ground level for this event (Fig. éigClearly, thep,, — PIA relationship is different in rain and in the ML,

and as suggested when commenting Fig. 5, it lidefyends on the physical processes occurring dthiengelting.

Figure 9 here

To investigate this point, thg,, (t) andPIA(t) values estimated at a given timare represented in Fig. 10 as a function of
their position within the ML. As already noted, define the ML width as the difference between thetap altitude and the
Pry bottom altitude (Khanal et al. 2019). Since the Width significantly varies during the considereetipd (from 630 to
1020 m; see Fig. 5), we found necessary to scaleltitudes by the ML width. This was achieved bgsidering the following

linear transformation of the altitudes:

H(®) = (hy = hpnpp (£))/MLw (t) 4)

whereh,, is the altitude [m asl] of the MOUC raday,,,(t) is the altitude of the ML bottom at timendMLw(t) is the
ML thickness at time. The scaled altitudH (¢) [-] subsequently takes the value 0 at ML bottord tire value 1 at ML top
(orange and blue thick horizontal lines, respeégivie Fig. 10). Furthermore, in order to locatermprecisely the position of
the Zh andpy,,, peaks within the ML, we computed their scaledudiés at each time steff,,p (t) andH,p,p (t) respectively,

as:

Hopp(t) = (hznp (t) = Ronop (£)) /MLw(2) ®)
and:

thvP (t) = (hpth(t) - hphvB (t))/MLW(t) (6)

whereh,,p (t) andh,,p (t) are the altitudes of Zh peak apg, peak at timet. The dotted horizontal lines in Fig. 10 represent
the 10 and 90% quantiles of the timeseries of taded altitudes of Zh peak (dotted blue lines) ppdpeak (dotted orange
lines). We can observe a shift between the Zhggpatharacteristic altitudes, consistent with the Mimatology established
by Khanal et al. (2019) who reported a shift ofattii00 m in average between the two peaks. Weindiig. 5 that this shift

is visible before 02:00 UTC but that it is lessqwanced during the ML rising and its stabilizatafter 04:00 UTC. In order
to better evidence their vertical trends, Hid(t) — H(t) and ¥4, (t) — H(t) points are presented in Fig. 10 in the form of
box plots with an altitude class of size 0.he number of counts in each class is indicatethemight of the graphs; it is a
multiple of the number of MRT targets (16 here)e@an note that the vertical sampling is not vely, with missing classes

within the ML. However the trends already evokedewttommenting Fig.5 are confirmed: (i) the4 values peak when

11
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measurements are made at the level of the Ztpgndeaks; more precisely, tif#A peak is observed for the altitude class
containing thep,, peaks (0.35 — 0.45); (ii) the region with maximuealues is somewhat thicker f@r,,, encompassing a
significant part of the upper ML, between 0.3 arli@ terms of scaled altitudes; (iii) the PIA tertdwards its value in rain
below the ML and towards 0 above the ML; (i#),, tends towards almost similar values in averagaiim (ML bottom) and

snow (ML top).

Finally, Figure 11 displays the evolution of théaaPIA4 /1, as a function of the scaled altitudes. The vafuberatio below
the ML (0.27) is in remarkable agreement with tlops of the linear model established between tkeifip attenuatiork and

the specific differential phadg,,using the DSD measurements in rain available figr gélient (0.29; see Fig. 6 right). The
ratio linearly increases up to th®,,, peak where it takes a value close to 0.4. Fothiee classes of scaled altitude 0.7, 0.8
and 0.9, the ratio is between 0.32 and 0.38, witagparent secondary maximum for the altitude @da&sData with increased
vertical resolution would be necessary to confirnmot this result, which is also visible on the Rifofile and on several
Yap (t) andPIA(t) timeseries like the ones displayed in Fig. 5. vébthe ML, the ratio progressively tends toward @bhout
300 to 400 m.

Figure 11 here

5. Summary and conclusions

We developed in this work a methodology for studythe relationship between total differential phépg,) and path-
integrated attenuationP{A) at X-Band. Knowledge of this relationship is @i for the implementation of attenuation
corrections based on polarimetry. We used the MonrReference Technique for direct PIA estimatiassociated with the
decrease of returns from mountain targets durirggipitation events. The polarimetry PIA estimatisnbased on the
regularization of thep,, profiles and their derivation in terms of specifiifferential phaseK,,) profiles followed by the
application of a power-law relationship between $pecific attenuation and the specific differenpabse. Suck — K,
relationship can be evaluated for rain with a scaty model by using DSD measurements and an oiglstemodel for
raindrops.

The rain case study for the convective storm of 24, 2017 indicates that the relationship between Mfived PIAs and
polarimetry-derived PIAs presents a consideraldpetision (explained variance of 0.72). Both mettavdsprone to specific
errors and, even if the MRT PIA estimator is moirectly related to power attenuation, itaspriori difficult to say which
estimator is the best. In this preliminary study @id neglect the possible impact of the diffe@nphase upon scattering
Sny(r). We remind the reader that the observed PIA ramde30 dB while the theoreticé}, range is 0-3 dB. Thé&,, effect

12
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may therefore impact the results obtained onhhatrhargin. Similarly, we assumed the on-site atigon to be negligible
for the MRT PIA estimation, and we are confiderttthis is true since the XPORT radar is radomelesaddition, NUBF
effects constitute a third source of error whidth@ugh the rain event was convective, should reraiited due to the short
ranges considered and the fact that the ML was aimive the observed area. These errors on botretifators will of
course impact the quality of the attenuation cdives and the subsequent QPEs. An assessmentsxaiith respect to an
independent data source (e.g. raingauge measurgmsrdesirable to distinguish the two PIA estimsitdt is however
interesting and encouraging to note that the nogalik — K, relationship derived from (independent) DSD measwants
taken during the event of interest at ground ledlelvs a satisfactory transformation of the XPOR, profiles into almost

unbiased (although dispersed) PIA estimates.

The Melting Layer case study of January'32918 was made possible by the unique configuratidhe observation system
available. The XPORT radar located at the bottorthefvalley allowed a fine temporal tracking of thelting layer from
below using quasi-vertical profiles derived fronfEPls. The MOUC radar provided horizontal scare faigher altitude in
direction of several mountain targets during tlseng of the ML in about 2 hours. From this datagetas possible to derive
the evolution oPIA(t,7y), Yap(t,7y), and their ratio, as a proxy for the slope ofredirk — K;,, relationship during the
ML rising and for a number of mountain targetsadsnction of the altitude. Since the ML width \egiduring the ML rising,
we found necessary to scale the altitudes witheresp the ML width. The three variables considgrezbent a clear signature
as a function of the scaled altitude shown in Bi@snd 11. In particular, thidA /4, ratio peaks at the level of thg, peak
(somewhat lower than the Zh peak), with a valuahafut 0.4 dB degréewhile its value in rain just below the ML is 0.2B
degreé-. The latter value is consistent with the lingar K, relationship established from concomitant DSD meersents
at ground level. Th@IA/y,, ratio remains quite strong in the upper parthef ML, between 0.32 and 0.38 dB degtee
before tending towards 0 above the ML. Although Mi®UC measurements were made with a 0° elevatighealNUBF
effects probably introduce some smoothing, varialsle function of the range of the considered nanriargets: with its 3-
dB beamwidth of 1.28°, we remind the vertical resioh of the measurements of the MOUC radar toobénstance of 446
m at 20 km. Thé,,,, effectis likely to be more influent in this casEmpared to the rain case since the PIA ranggmsfgiantly
lower, with maximum PIAs of 15 dB. Radome atternoratinay also affect the MRT PIA estimates duringhterising. This

effect may remain limited due to the weak rainrateserved during this event (3 mat the IGE site).

The preliminary results presented in this articlk lne extended thanks to the datasets collectéadsn 2016 and now, with
a wider variety of precipitation events, as wellvath physically-based simulations. It is in panter important to assess to
which extent the XPORT volumetric measurementsadiected by attenuation in moderate precipitatieading to well
defined ML layers, when the ML is below or at teedl of the MOUC radar. These are indeed the sitasitfor which we
expect the main added-value of the down-valley olag®ns made at IGE.

13
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MOUC radar XPORT radar

Longitude (decimal degrees) 5.639237 5.762327

Latitude (decimal degrees) 45.147736 45.194150

Altitude (m asl) ground: 1901 ground: 213

antenna feedhorn: 1917 antenna feedhorn: 228

Frequency (GHz) 9.420 9.400

Antenna diameter (m) 1.8 1.8

3-dB beamwidth (°) 1.28 1.37

Antenna gain (dB) 42 42

Radome yes no

Peak power 30 kW, on each polarisation 50 kW, ah @slarisation

Pulse length (us) 2 1

Radial bin size (m) 240 33

Receiver dynamic range (dB) >90 >90

Minimum detectable signal (dBm) -114 -112

Volume scanning protocol 0/06/12/2/3/4/8/14° | 35/75/15/25/45°

(PPIs with elevation angles in °)

Volume scanning period (min) 5 ~6

Measured parameters Zns Ziyy Zrs Pros Dap Vr

525 Table 1. Characteristics of the XPORT and MOUC radarsystems
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Figure 1. The topographical map of Grenoble is showalong with positions of two radar systems. A vertial cross-section along the

line joining the two radar sites is shown in the igert on the bottom right of the figure.
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Figure 2. Description of the two rain events consifed in the present study: left — convective casé duly 21, 2017; right —
stratiform case of January 4, 2018 ; top: rainrateand cumulative rainfall timeseries observed at théGE site ; bottom:
results of the ML detection algorithm based on XPORT25°-PPI data. The horizontal red line indicates thaltitude of the

MOUC radar; see text for details.
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XPORT radar, July 21, 2017

Horizontal reflectivity, elevation angle : 7.5°
18:45 UTC 15:58 UTC

Y Lambert lle

Y (m - Extended Lambert 2)

T T T T T T 5
860000 865000 870000 875000 880000 860000 865000 870000 875000 880000

X (m - Extended Lambert 2) X (m - Extended Lambert 2)

545 Figure 3. Examples of XPORT 7.5° PPIs of raw refledtity (non-corrected for attenuation) taken for two time steps during
the July 21, 2017 convective event. The crosses icatie the location of the two radars and the blackwhite 5 / 10-km range
markers correspond to the XPORT and the MOUC radar,respectively. The red circles focus the attention dhe reader on
the mountain returns associated with the Chamroussgsouth-east) and the Moucherotte (south-west) motsin between

the 10-15 km range.
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Figure 4. Two examples (left, right) ofZy,, Y4y, pry range profiles of the XPORT radar (7.5°-PPI) duringthe July 21, 2017
convective event for a given mountain target. The ma horizontal reflectivity profiles (top graphs) atthe considered time

555 steps (blue) are displayed together with the dry-wather reference target value (black) at a range aibout 14 km. The
middle graphs display the measuredp, profiles (green), the upper (red) and lower (bluegnvelope curves and the
regularized Yrg, profiles (black). The pp, profiles (bottom graphs) are used, together withtte Z;, profiles, to detect the
rainy gates not affected by clutter at close rangand in the region of the mountain target.
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Figure 5. Timeseries of (a) the apparent reflectivit values of a given mountain reference target, (ke resulting PIA
estimates (dB), (c) the correspondings 4, (ry) values (°) for the 0°-PPI of the MOUC radar duringthe January 3-4, 2018
stratiform rain event. The bottom graph (d) displaysthe results of the ML detection algorithm performedwith the XPORT

565 25°-PPI; see text for details
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570 Figure 6. DSD-derivedk — Ky, relationships for the convective event of July 21, 2017 (left) and for the stratiform event
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of January 3-4", 2018; see text for details.
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Figure 7. ¥4, — PIA relationship in rain for the convective event of July 24, 2017.
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Figure 8. Comparison of the PIAs derived from the Muntain Reference Technique and from polarimetry usig the linear k-K g,
relationship (left) and the non-lineark-K 4, relationship (right) for the convective event of July 24, 2017. The red straight line is
the 1/1 line.
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Figure 9. ¥4, — PIA relationship in the ML for the stratiform event of January 4h 2018.
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Figure 10. PIA and ¥4, values within the ML as a function of the scaled &tude (left and right, respectively) for the stratiform
event of January 4", 2018. The horizontal blue and orange continuousnles represent the ML top and bottom, respectively;Hhe

595 dotted horizontal blue and orange lines give the 18nd 90% quantiles of the scaled altitudes of thetzand py, peak distributions,
respectively.
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Figure 11 PIA/ 4, values within the ML as a function of the scaledlfitudes for the stratiform event of January 4",
2018. The horizontal blue and orange lines represéthe ML top and bottom, respectively; the dotted lorizontal blue
and orange lines give the 10 and 90% quantiles di¢ scaled altitudes of the Zh ang,,,, peak distributions, respectively.
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