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Abstract. The RadAlp experiment aims at developing advamethods for rainfall and snowfall estimation usimgather
radar remote sensing techniques in high mountajioms for improved water resource assessment admblogical risk
mitigation. A unique observation system has begioged since 2016 in the Grenoble region, Fraricis.domposed of an
X-band radar operated by Météo-France on top othiloucherotte (1901 m asl; MOUC radar hereinaftierthe Grenoble
valley (220 m asl), we operate a research X-baddrraalled XPORT anih situ sensors (weather station, rain gauge,
disdrometer). We present in this article a methogypfor studying the relationship between the difgial phase shift due to
propagation in precipitation d,,) and path-integrated attenuatio?/@) at X-Band. This relationship is critical for
guantitative precipitation estimation (QPE) basedpolarimetry due to severe attenuation effectsain at the considered
frequency. Furthermore, this relationship is gtdorly documented in the melting layer (ML) duethie complexity of the
hydrometeors’ distributions in terms of size, shapd density. The available observation systenr®fieomising features to
improve this understanding and to subsequentlyebgitocess the radar observations in the ML. WethseMountain
Reference Technique for direct PIA estimations eissed with the decrease of returns from mountangets during
precipitation events. The polarimetric PIA estirnas are based on the regularization of the profifebe total differential
phase shif(¥,,) from which the specific differential phase shift propagationK,,) profiles are derived. This is followed
by the application of relationships between thec#peattenuationK) and the specific differential phase shift. Sich K,
relationships are estimated for rain by using add drop size distribution (DSD) measurementslabta at ground level.
Two sets of precipitation events are consideratigpreliminary study: (i) nine convective casathwhigh rain rates which
allows us to study theé,,, — PIA relationship in rain; (i) a stratiform case wittoderate rainrates, for which the melting layer
(ML) rose up from about 1000 m asl up to 2500 maklere we were able to perform a horizontal saapof the ML with
the MOUC radar and a detailed analysis of ¢hg — PIA relationship in the various layers of the ML. Anzmon

methodology was developed for the two configuraianith some specific parameterizations. The vargagces of error
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affecting the two PIA estimators are discussediky of the dry-weather mountain reference tasgeadome attenuation,
noise of the total differential phase shift prafileontamination due to the differential phaset shifbackscatter, relevance of
thek — Ky, relationship derived from DSD measurements, et¢hé end, the rain case study indicates thatelationship
between MRT-derived PIAs and polarimetry-deriveddpresents an overall coherence but quite a ceraite dispersion
(explained variance of 0.77). Interestingly, thelioeark — K, relationship derived from independent DSD measerém
yields almost unbiased PIA estimates. For theifirat case, clear signatures of the MRT-derived ,Rh%& corresponding
¢qp value and their ratio are evidenced within the MLparticular, the averagetdA/¢,, ratio, a proxy for the slope of a
linear k — Kg, relationship in the ML, peaks at the level of tieepolar correlation coefficienpg,) peak, just below the
reflectivity peak, with a value of about 0.42 dBgdee?. Its value in rain below the ML is 0.33 dB degtei rather good
agreement with the slope of the lindar K, relationship derived from DSD measurements atigitdavel. ThePIA/ ¢4,
ratio remains quite high in the upper part of thi, ldetween 0.32 and 0.38 dB degtebefore tending towards 0 above the
ML.

1 Introduction

Estimation of atmospheric precipitation (solid duid) is important in a high mountain region suchthe Alps for the
assessment and management of water and snow resdordrinking water, hydro-power production, agliure and tourism,
characterized by high seasonal variability. Onehef most critical application concerns the predittof natural hazards
associated with intense precipitation and meltifigsmowpacks, i.e. inundations, floods, flash floa®d gravitational

movements, which requires a high-resolution obseEmaspatial resolutios 1kn? and temporal resolution 1hr. While this

can hardly be achieved over extended areas witlititraal in-situ raingauge networks, the use of radar remote sginsia a

high potential that needs to be exploited but alsaimber of limitations that need to be surpasQedntitative Precipitation
Estimation (QPE) with radar remote sensing in agerterrain such as the Alps is made challenginthb topography and
the space-time structure and dynamics of precipitatystems. Radar coverage of the mountain rediangs the following

dilemma. On the one hand, installing a radar atapeof a mountain allows a 360° panoramic view tredefore the ability
to detect precipitation systems over a long rarigheregional scale. This is particularly relevéotlocalized and heavy
convective systems in warm seasons. But the ptatigm is likely to undergo significant change ietWween detection and
arrival at ground level, including a phase changemthe 0T isotherm is located at the level of or lower tki@mradar beam
altitude. Such situations are likely to be frequaunting cold periods, with a strong impact on QRA&ligy at ground level. On
the other hand, installing a radar at the bottorthefvalley provides high resolution and qualityadeequired for vulnerable

and densely populated Alpine valleys, but the Q&edimited at the latter due to beam blockageuryosinding mountains.

MeteoSwiss has a long-standing experience in dpgras C-band radar network in the Alps (Joss bad, 1995; Germann

et al. 2006) and at coping with the associatetudki dilemma. In addition to physically-based radkta processing aimed at
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determining vertical profiles of reflectivity and #aking benefit of polarimetry, sophisticated nadgingauge merging
techniques and echo tracking techniques, as weluaterical prediction models outputs (Sideris e28l14; Foresti et al.
2018) are implemented to better understand andtifpahe complexity of precipitation distributiomisuch a rugged
environment. More recently, Météo-France has chtsenmplement the coverage of its operationalradawork ARAMIS
(for Application Radar a la Météorologie Infra-Syatigue) in the Alps by means of X-Band polarimetadars. A first set of
three radars was installed in Southern Alps within RHyTMME project (Risques HydrométéorologiquasTerritoires de
Montagnes et Méditerranéens) in the period 2008 2@Montagne de Maurel (1770 m above sea lew),Ment Colombis
(1740 m asl) and Vars Mayt (2400 m asl) (Westreliral. 2012). This effort has been continued in422A15 with the
installation of an additional X-band radar systéd©OUC radar, hereinafter) on top of the Mount Moudcitte (1920 m) that
dominates the valley of Grenoble, the biggest ititthe French Alps with about 500,000 inhabitafiise choice of the X-
Band frequency is challenging due to its sensititotattenuation (e.g. Delrieu et al. 2000). Inplast, the IGE radar team has
proposed the so-called Mountain Reference Techr(igfi®T) (Delrieu et al. 1997; Serrar et al. 2000uBloud et al. 2009)
to take advantage of this drawback for both coimgdor attenuation and performing a self-calibvatof the radar. The idea
was to estimate path-integrated attenuations (RiApme specific directions from the decrease ofimain returns during
rainy periods. Such PIA estimates were then usezbastraints for backward or forward attenuatiorrection algorithms
(Marzoug and Amayenc 1994) with optimization ofedfective radar calibration error, given a dropesilistribution (DSD)
parameterization. The development of polarimetidar techniques (e.g. Bringi and Chandrasekar RgAhkov et al. 2005)
has allowed a scientific breakthrough for quaritiaprecipitation estimation (QPE) at X-band by leking the relationship
which exists between the specific differential ghahift on propagatiork(,,, in ° knm') and the specific attenuatian(dB
km?). As with the MRT, the differential propagationgsied,, (r,) — ®4,(r;) over a given patlir; ,7,) can be used to
estimatePIA(ry ,1»), which can constrain a backward attenuation ctoealgorithm and allow a self-calibration of ttaelar
and/or an adjustment of the DSD parameterizatiast{id et al. 2000; Ryzhkov et al. 2014). Two majdvantages of the
polarimetric technique over the MRT can be formedia(1) the availability of PIA constraints for agliyection with significant
precipitation and (2) the subsequent possibilityde a backward attenuation correction algorithii¢chvis known to be stable
while the forward formulation is essentially undéabAccounting for their respective potential irffelient rain regimes
(moderate to heavy), some combined algorithms ngakige of various polarimetric observables (reflégti differential
reflectivity and specific differential phase shifth propagation) have also been proposed for theaXdBrequency (e.g.
Matrosov and Clark, 2002; Matrosov et al. 2005;fketfal. 2014). Although the polarimetric QPE nedblogy is now quite
well established and validated for rainy precipatat(Matrosov et al., 2005; Anagnostou et al. 20Dis et al. 2009), Yu et
al. (2018) point out, in their first performancesassment of the RHyTMME radar network, (i) the neebetter understand

and quantify attenuation effects in the meltingelagML), (ii) the importance of non-uniform beartifig (NUBF) effects at
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medium to long ranges in such a high-mountain cdanges well as (jii) the stronger impact of radoatt=nuation at X-band

compared to S- or C-Band.

Since 2016, we have the opportunity to operatesaareh X-Band polarimetric radar system (XPORT rédaeinafter) 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 dkitdilemma and with
potential / issues associated with the choice ®tband operating frequency. Following a firsicetbased on the RadAlp
experiment about the characterization of the mgltyer (Khanal et al. 2019), we concentrate hafeéen on the relationship
between total differential phase shift,,) derived from polarimetry and PIA derived from tM&T. In section 2, we present
the observation system available, as well as cstettlarainy events considered in this study: (Bteo§ nine convective events
with high rain rates, for which the melting layeaswvell above the detection domain of the XPOR&raallows us to study
the ¢4, — PIA relationship in rain; (ii) a stratiform case wittoderate rainrates, for which the melting layeerap from
about 1000 m asl up to 2500 m asl, allows us tdopmra horizontal scanning of the ML with the MOU@&dar and a
preliminary analysis of th¢,, — PIA relationship in the various layers of the ML. Wesent and illustrate in section 3 the
methodology used for the PIA arid,, estimation. We also investigate the relationsigfwieen the specific differential phase
shift on propagationk(;,,) and the specific attenuatiok)(thanks to drop size distribution (DSD) measuretsieollected in
the Grenoble valley during the two sets of event® results concerning thg,,, — PIA relationship in rain and in the ML are

presented and discussed in section 4, while coiecisind perspectives are drawn in section 5.

2. Observation system and datasets
2.1. Observation system

Grenoble is a Y-shaped alluvial valley in the FieAdps with a mean altitude of about 220 m asleunded by three mountain
ranges: Chartreuse (culminating at 2083 m aslheonbrth, Belledonne (2977 m) to the south-east\&@rdors (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 thoboof the valley.

Figure 1 here

Among other devices, the IGE experimental siteudek: (i) the IGE XPORT research radar (Koffi et2f114); see Table 1
for the list of its main parameters; (ii) one migedn radar (MRR, not used in the current studyi), gne meteorological
station including pressure, temperature, humidiipd probes and several raingauges, (iv) one PARSR/Misdrometer. The
characteristics of the MOUC radar are listed inl&db XPORT radar was built in the laboratory ia #000s. 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, notaklith respect to the
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real time data processing and the antenna contogram. One noticeable feature for XPORT radahésrange bin size of
34.2 m (corresponding actually to an over-sampdiimge, for a pulse width of 1 pus, the theoretig¢aldize is 150 m) which
is an interesting figure for the close range andmetric measurements considered in this studye wait while the MOUC
radar is operated 24 hours a day and its dataratedyin the Météo France mosaic radar produas{BORT radar is operated

on alerts only for significant precipitation events

2.2 Dataset

Table 2 shows the main characteristics of nine eotive events considered for the study ofghg — PIA relationship in
rain, by using the XPORT radar data. A stratiformerd, which occurred on January 3-4, 2018, is atsusidered for a
preliminary study of thep,,, — PIA relationship in the ML, with both the MOUC and tKBORT radar data. Figure 2 presents
time series of one of the most intense convectiamie(July 21, 2017) and the stratiform event. dthbcases, the total rain
amount observed at the IGE site was about 35 mtriniihours with two peak rainrates of about 40 mhifor the July 21,
2017 convective event while the January 3-4, 2@Egi®rm event lasted more than 12 hours witharage rainrate of about
3 mm ht. The two events also differ by their vertical sttwe. The bottom graphs of Fig. 2 display the tseeies of the
altitudes of the tops, peaks and bottoms of thezbiotal reflectivity (Zh) and co-polar correlationefficient (py,, ) signatures
of the ML, obtained with the automatic detectiogaaithm described in Khanal et al. (2019). The gwastical profiles (QVP,
Ryzhkov et al. 2016) derived from the XPORT 25°#&e considered in the ML detection. For the cotive case, the ML
extends from 3000 up to 4000 m asl and more, iedl.above the altitudes of the two radars. Tabiledcates this is also the
case for the other convective events, at leagh®XPORT radar. For the stratiform event, the Mteads between 800 and
1500 m asl during the first part of the event (letw January 3 20:00 UTC to January 4 01:30 UTC}lzenirises in about 2
hours to stabilize at an altitude range of abo@022800 m asl after 04:00 UTC, passing progresgiaelthe level of the
MOUC radar in the meantime.

Figure 2 here

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 2D17 event. As a clear feature, one can seefthratis elevation angle, the
radar beam is fully blocked by the Chartreuse maiantange in the northern sector. Also visibleha horth-east sector and,
to a lesser extent, in the south-west sector atéapbheam blockages associated with tall treethénvicinity of the XPORT

radar on the Grenoble campus. This figure is atéended at drawing the attention of the readerhendecrease on the
Chamrousse and Moucherotte mountain returns (wrtkidrcircles) during the intense rain time step jgarad to their values

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

Figure 3 here
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3. Methodology

Our aim is to study the relationship between twdaraobservables of propagation effects at X-Barathintegrated
attenuation and differential propagation phasetdysecipitation occurring along the radar path. dscribe in the following
two sub-sections the estimation methods that wewglemented. In sub-section 3.3, we complement tle¢hodology

description by the presentation of DSD-derike# K, relationships.

3.1. Path-integrated attenuation estimation

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

wherek(s) (dB kntl) is the specific attenuation due to rain at rasiglem). r, is the range where the measurements start to
become exploitable, i.e. the range where measursnaea free of ground clutter associated with &ithe effects. The term
PIA(r,) represents the so-called on-site attenuationtiegufom radome attenuation and range attenuattaiange closer
thanr,. Note that PIAs can be obtained from eq.1 for lthéhhorizontal and the vertical polarizationstHa present article,
we will restrict ourselves to the horizontal patation, the study of differential attenuation beingossible topic for a future
study. Delrieu et al. (1999) have proposed an assmst of the quality of PIA estimates from mounta@turns by
implementing a receiving antenna in the Belledommaintain range in conjunction with an X-band radperated on the
Grenoble campus. They found a good agreement betinegwo PIA estimates for PIAs exceeding the ratariability of
the mountain reference target during dry weathleeyfecommended using strong mountain returnstgréaan e.g. 50 dBZ
during dry weather) so as to minimize the impagpreftipitation falling over the reference targeelf. They also point out
that this approach is not able to separate thetsffd on-site and range attenuation. They verifiedever, by implementing
the receiving antenna close to the radar (at aerahgbout 200 m), that the on-site attenuationneagigible for a radomeless
radar, which is the case for the XPORT radar buatfoothe MOUC radar. Another interesting featufettee MRT PIA

estimator is its independence with respect to exsdmadar calibration errors.
In the current study, we used the following proadedo determine the mountain reference targetth®dXPORT radar:

A large series of raw reflectivity data, observeurling widespread rainfall with no ML contaminatiamas accumulated and
averaged in order to characterize the detectionaftoiwf the XPORT radar at the 7.5° elevation anglas allowed us to
determine the mountain returns, the full beam kdgels due to mountains, the partial beam blockagesadtall trees as well
as spurious detections due to side-lobes in thaitjiof the radar. A manual selection of the maimntreference targets was
then performed based on the map of the appardettigfty above 45 dBZ. The targets, made of mountaturns from
successive radials (up to 9) with a limited rangemt (less than 2.0 km), are described in TabBa3ed on the radar equation

and the receiver characteristics, care was takeistard targets eventually subject to saturatiaricse range. The selected
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targets are located at a mean range comprised &etvé and 17.1 km, and have sizes between 0.06.84&km?. For each
rain event, dry-weather data before and/or aftereivent were used to characterize the mean tafjectivity and its time
variability. Note that the mean reflectivity foradmatarget and each time step was computed as érage/of the dBZ values
of each radial gate composing the target. Thiggsfjed by the fact we aim at estimating PIAs B dable 3 lists the mean,
standard deviation, 10 and 90% quantiles of the snries of the dry-weather apparent reflectivitthe reference targets for
the first and last event of the considered se@e® can notice the good stability of the mean céflgy values between the
two events, an indication of both the radar catibrastability during the period and a moderateactmf the mountain surface
conditions, already evidenced in previous studieg. Delrieu et al. 1999; Serrar et al. 2000) fnilsir mountainous contexts.
The standard deviations of the reflectivity timéegrange between 0.2 to 0.9 dBZ, and the me&@0¥inter-quantile range
is equal to 1.03 dBZ.

Due to limited data availability, a simpler apprbagas implemented for the selection of the MOUC ntain reference
targets. Here again, the raw reflectivity data wareumulated and averaged, but only over the pddaadary 3, 2018, 19:00
— 23:55 UTC preceding the rise of the ML at theelesf the MOUC radar. It was snowing during thisipé at the MOUC
radar site. So, we are implicitly making the asstiompof negligible attenuation during snowfall (papted in the literature,
e.g. Matrosov et al. 2009) in the considered castysTable 4 displays the geometrical characiessif the targets, as well
as the mean, standard deviation, 10% and 90% dggofitheir apparent reflectivity time series. gets are located at greater
distances than those of the XPORT radar, i.e. tvi®.9 and 44.9 km. In spite of having largerssibetween 0.7 and 4.0
km3), this range effect probably explains theind&rd deviations to be higher, between 0.75 antldBZ. The 10-90% inter-

guantile ranges are subsequently higher as wel, avmean value of 2.6 dBZ.

The top graphs of Fig. 4 give two examples of applareflectivity profiles for a radial of a givearget, during the July 21
2017 rain event. The example on the left side spwads to a moderate PIA (5.4 dB when considefiingp@ gates of the
radials composing the target) and the right-sicemgde corresponds to one of the highest PIA vahsewved (27.6 dB) in
our dataset. We tried to limit as far as possibéeradial extent of targets (less than 2000 m)anddlti-peaks targets, such
as the one shown on the left-side example, in dodiémit positive bias on MRT PIA estimates. Tlog graphs of Fig. 5 give
two examples of apparent reflectivity time seriesiny the events of July 12017 and July 20 2018, together with the
mean, 10% and 90% quantiles of the dry-weatherrappaeflectivity. For both cases, the XPORT datquésition started a
bit after the actual beginning of the storm. Therefthe dry-weather reference values were estinaith data collected after
the event, between 19:00 and 22:00 UTC for the 21ffy2017 event and between 00:00 and 06:00 UTC thefter for the
July 20", 2018 event. For these convective events, on@atnthe erratic nature of the apparent reflegtitiihe series at the
XPORT radar acquisition period used at that tint@o(& 7 min). The MRT PIA estimates are simply chlted as the
difference between the mean values of the targedrapt reflectivity during dry-weather and at eéate step of the rain

event (blue lines in the bottom graphs of Fig. 5).
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Figure 4 here

Figure5 here
3.2. Differential propagation phase estimation

Let us express the total differential phase skifideen co-polar (hh and vv) received signals as:
Vap(1) = 2 [} Kap(s) ds + 8py(r) (2)

whereK,,(s) is the specific differential phase shift on progign [° km'] related to precipitation at any rangebetween

1, andr, anddy,, (r) is the differential phase shift on backscatteaf°’tanger.

The quantity of interest, the differential propagatphase associated with precipitation along #ité,[ds denoted:
Gap() = 2 [ Kap(s) ds = Wap(r) — Spy(1) (3)

As with the on-site attenuation for the MRT techu@gwe have here a problem with the possible infteeof the differential
phase shift on backscat@®y, (r) that may introduce a positive bias on the estimadicthe differential phase shift associated
with precipitation along the path. We find in titedature (e.g. Otto and Russenberg 2011; SchrieeiseBerne 2012) power-
law relationships betwea®),,, andZ,, at X-band in rain, giving values for differentase shift on backscatter in the ranges
of [0.6° — 1.0°] and [2.1° — 3.5°] for differentia¢flectivity of 1 and 2 dB, respectively. Scattgrisimulations based on
disdrometer data (Tromel et al. 2013) indicate thate may exist quite a large scatter with resfmestich power-law models
and an important influence of the considered hyartewr temperature. From simulations based on rda&r at various
frequencies, the same authors quardjfy values as high as 4° in the ML at X-Band. An amoays reviewer of this article
also mentioned that stroy,, values may be associated with hail; let us noé tlo hail was reported for the convective
cases considered in the present study. Keepingliied orders of magnitude in mind and the faat significants,,, effects
are associated with “oumps” in thie,,, profiles, we will carefully discuss hereafter thessibility to assumé,,, to be

negligible or not with respect g,

In this study, the following method was implementedthe processing of thi,,, profiles and the subsequent estimation of

¢g4p values near the mountain targets for the XPOR&main case based on convective events):

We first determined so-called “rainy range gatdehg the path by using th®,, profiles. The rawj, (1) values for which
Py (1) was less than 0.95 (empirical threshold) weresetissing values. In addition, we defined the beigig of the rainy
range by determining the first series of 10 sudeesgates (empirical choice, corresponding to gyeaaxtent of 342 m)
overpassing this threshold. Thevalue was set to the minimum range value of targes. Similarly, we defined the end of

the rainy range by determining the last seriesCo$dccessive range gates overpassing this threstodd to the mountain
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target. A maximum rainy range, denotgd was defined as the maximum range value of thieselt is noteworthy to
mention that rain likely occurs in the ranges léssr, and greater thar,, as well as in the intermediate ranges for which
the Y4, (r) values were set to missing values. It is howeviticar to discard such gates that may be prondutec due to
side lobes close to the radar or to mountain retalwse to the mountain target. Although the inttiate missing values will
not impact thep,,, estimation, we have to mention that both theahaind final missing values may result in a negaliias

on the PIA estimation based @1, (1y).

In the current version of the procedure, everylsinadial was processed separately. First, an dimiglas applied by adding
360° to negativel,, () values. The system differential phase shift wasmesed as the median of thig,,(r) values
corresponding to the beginning of the rainy rafges value was substracted to the npyy, () profiles, and eventual negative
values were set to 0. Regarding thg, measurement noise processing, we have implementkdnproved a regularization
procedure initially proposed by Yu and Gaussiail @0 This procedure consists in defining an ugmselope curve, starting
fromry, and a lower envelope curve, starting frgym by considering a maximum jump, denotkiimax, authorised between
two successive gates. The calculation was perforfioea series ofliffmax values in the range of 0.5 — 10°. The regularized
Vg4, profiles (increasing monotonous curves) were edtoh by taking the average of the upper and loweelepe curves.
Note that the values for the missing gates betwgemndr, were simply interpolated with the adjacent valaéghe
regularized profile. A mean absolute differencéecion (MAD) between the raw and regularized pesfibver a series of 30
gates with non-missing values near the mountagetgempirical choice, corresponding to a rangerexf about 1 km) was
used to determine the optindiffmax value and the associated profile. The optimalifgrafas finally selected if the MAD
criterion was less than 50%, otherwise we consitiéne polarimetry-derived PIA to be missing for tensidered radial.
Finally, thed,, (1) value for the target was estimated as a weightedage of thep,, (1) values of all the non-missing
radials composing the target, the weights beingntimaber of reference gates of each radial. Theobographs of Fig. 4
present the raw and regularized profiles, as vgetha envelope curves, for the examples alreadyreoited above. For the
right-hand example corresponding to one of thengigst PIA (27.6 dB) observed, one can note thatdhge of the raw,,
profile is low, especially in the range with thglhést gradients between 7 and 13 km. There is parapt “bump” on the
raw profile that could sign &, contamination; so that one might be tempted to idenghe regularized profile as a good
estimator of thep,,, profile in that case. The left-hand side exampteresponding to a moderate MRT-derived PIA of 5.4
dB, is more complex. As already noted, the mountaiget itself is noisy with significant mountaieturn contamination
before range,, as evidenced by ths,, profile. In addition, one can note a non-monotdrebaviour of the raw,, profile
with a plateau of about 17.5° for ranges greaten #h km, following an increase in the raw profigthh moderate noise) up
to 22° at 4-km range. One might assun@,acontamination in that case. Interestingly, the tagsation procedure is shown
to provide a good filtering of the “bump”, and hagain we are tempted to consider the regularirefil@pas a good estimator

of thedy, profile. The middle graphs in Fig. 5 display thee series of thep,, (1) values associated with the apparent
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reflectivity of mountain returns discussed abovee ©@an note a good consistency of the two timesdor the highest peaks

while discrepancies can be evidenced for the moelerad small values.

Basically, the same methodology was implementediferMOUC radar case study, with some alterationset described
hereafter. Figure 6 provides the time series oafifgarent reflectivity of a given mountain targleg resulting PIA estimates
and thep 4, () estimates for the 0°-PPI of the MOUC radar durimg stratiform event of January 3;2018. The time
period considered in the figure ranges from 00:0@UWo 06:00 UTC on January'42018 in order to focus on the rising of
the ML between 02:00 UTC and 04:00 UTC. The taigkicated at a distance of 19.9 km from the ra@lae bottom graph
of Fig. 6 displays the results of the ML detect&gorithm (Khanal et al. 2019) in terms of thetalles of the top, peak and
bottom of theZ, (blue) and the,, (orange) ML signatures. The altitude of thetop inflexion point is assumed to
correspond to the 0°C isotherm altitude while ghg bottom inflexion point corresponds well with thettom of the ML
according to Khanal et al. (2019). We thereforardethe ML width as the altitude difference betwedntop andpy,
bottom. Before 02:00 UTC, the ML is well below thkitude of the MOUC radar. MOUC radar measuremanthe 0°-
elevation angle are therefore made in snow/iceipitation during this period. Based on the ML déit results, the
passage of the ML at the altitude of the MOUC rautgins at about 02:20 UTC and ends at 04:10 UTfer Ahis time,

MOUC radar measurements are therefore made irathinf

Figure 6 here

As representative examples, Fig. 7 illustrates egmgfiles taken by the MOUC radar during the sradfeft) and the ML
(right) periods. As expected, tpg, profiles are very different in the two cases, with values close to 1 in snow indicating
precipitation homogeneity while,,, presents a high variability in the ML. During thd_Meriod, we had therefore to adapt
the p;,,, threshold used to detect gates with precipitatdased on the,,, peak statistics presented by Khanal et al. (2019),
we have chosen a value of 0.8. As it can be seEigirv, such a threshold may prevent detectich@mountain reference
return itself. Subsequently, we had to adapt therdenation of ranges;,, andr,, with respect to the XPORT radar case,
firstly by considering two successive gates comesing to a range extent of 480 m (instead of X@gaorresponding to
342 m) and secondly by making sure that the catedig, value was less than the range of the first moontference gate.
Regarding the regularization of tijg,, profiles (bottom graphs of Fig. 7), it was fouit the raw profiles were noisier
compared with the XPORT case study. Well-structubeanps” were not evidenced in the ML profiles, rhayas a result
of the lower range resolution of the MOUC radard dime regularisation procedure was found to wotisfetorily. It

remains however difficult to assume that thereoig 3, contamination during the ML period.

Figure 7 here
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Coming back to Fig. 6, one can note the mean \aflgg,, (r,) to be equal to 11.2° during the snowfall peri@sulting in
310 a specific differential phase shift on propagatb0.28 °kmt if the differential phase shift on backscatteneglected. Such
values indicate a significant heterogeneity oftibeizontal and vertical dimensions of the snowhgdrometeors. During
the rainy period between 04:10 and 06:00 UTC, tieeegood coherence between the specific attemsaterived from
the MRT PIA (0.078 dB krh at around 04:00 UTC - 0.035 dB Kmat 06:00 UTC) and those derived from the polanignet
(0.076 - 0.046 dB krhat the same time steps) using khe Ky, relationship established for this event by usirgyE8D

315 measurements available at the IGE site (see settBobelow).

Our main objective with the January 8;2018 event is to study thig;,, — PIA relationship within the ML. Figure 6 indicates
that both variables take, as expected, higher salueng that period compared to during the sndwafad the rainfall periods.
The maximum values reached are 14.2 dB for PIAZin@° ford, (). Figures 6b and 6¢ also show that the co-fluctaatio
of the two time series is not that good duringteperiod with a4, (1) signal having a trapezoidal shape with maximum
320 values between 02:35 UTC and 03:15 UTC while theTMRRA signal is more triangular and peaks at 03JI%. We note
that the two signals compare well after the peakthat they both peak down at 03:55 UTC when messents are made in
the lowest part of the ML. These features are qayttematic for all the thirteen targets considéoedhe MOUC radar for
this event, giving the impression that tigg,,, — PIA relationship depends on the position within the &id as such on the
physical processes occurring during the meltings Will be further illustrated and discussed in-sagttion 4.2. However, we
325 have to mention here three points that may limat\hlidity of such inferences for the MOUC radanfiguration compared
to the XPORT one: (i) the MRT PIA estimates maypbesitively biased by radome attenuation, (ii) téapimetry — derived
PIA estimates may be affected &, contamination in the ML and (iii) non-uniform beditling effects become probably
significant for the 20-40 km range considered, iiegdo a smoothing of the radar signatures. Themoievidence so far of

the first two points in the available dataset; thisy be due to the moderate intensity of this jpitation event.

330 3.3. 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 lihee the estimates for all
the mountain targets and time steps availablentwo sets of events, we study in this sub-setltiek — Ky,
relationships that we were able to derive from@sD measurements collected at ground level at@iedite. For all the
335 events, precipitation was in the form of rainfdltlas altitude. As for the scattering model, wedisthe CANTMAT version
1.2 software programme that was developed at Cado&tate University by C. Tang and V.N. Bringi. Tiagv PARSIVEL?2
DSD measurements have a time resolution of 1 mie.viblumetric concentrations were computed withnai® resolution
and binned into 32 diameter classes with increasires from 0.125 mm up to 6 mm. The CANTMAT softevases the T-
Matrix formulation to compute radar observableshsas horizontal reflectivity, vertical reflectivitdifferential reflectivity,

340 co-polar cross-correlation, specific attenuatigecific phase shift, etc, as a function of the D81, radar frequency, air
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temperature, oblateness models (e.g. Beard andnGHL887; Andsager et al. 1999; Thurai and Brindi®0and canting
models for the rain drops as well as the inciderggle of the electromagnetic waves. Figure 8 dyspthe empiricak —
Kg4p, pairs of points obtained for the convective evélett) and the stratiform one (right) as well as fts of least-square

linear models and power-law non-linear regressions.

Figure 8 here

Based on the literature review mentioning an almosar relationship betweek and K, at X-Band (Bringi and
Chandrasekar, 2001; Testud et al. 2000; SchneahelBerne 2012) we have first tested a linear esipa with an intercept
forced to be equal to O (red lines in Fig. 8). Tdiraple model indeed provides a rather good fihtodata, especially for the
convective events. Due to the observed bendinge$tatterplots, we have also tested a non-lirgmession 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 eystribution, the
incidence angle. For reasonable ranges of variaidhese parameters, the DSD itself appears tbédenost influent factor
on the values of the regression coefficients. We titat the slopes of our O-forced linear modedssagnificantly higher than
values proposed in the literature (0.233 in Brangi Chandrasekar (2001); 0.205 — 0.245 in ScheabélBerne (2012)). The
exponents of the fitted power-law models are aiigoiicantly higher than 1.0. The fits in Fig. 8reespond to the most likely
parameterization of the scattering model in terfgmperature and incidence angles for the two syeém®. 20°C and 7.5°
respectively for the convective cases and 0°C &rfdrithe stratiform case. The Beard and Chuan@{)l®ormulation was
used as the raindrop oblateness model. The DSDetklinear and non-linear- K, relationships were used to process the
regularizedp, () profiles which were first simply derivated to ointéhe K, (r) profiles prior to the application of the two

k - K4, relationships. The bottom graphs of Fig. 5 shoxesvples of the resulting polarimetry-derived PIAs.

4. Results

4.1. Study of theg4, — PIA relationship in rain

Figure 9 displays the scatterplot of thg, — PIA values obtained for the nine convective events Igghbwith the XPORT
7.5°-PPI data, following the methodology describeslections 3.1 and 3.2. The data from the sixteeantain targets (Table
3) were considered. For a given event, targets miiimum MRT-derived PIAs less than 5 dB were dided in order to
limit the weight of small PIA estimates in the ghblanalysis. Since we consider the two variablesrequal footing, we
preferred to calculate the least-rectangles regnegblue straight line) between the two variabilther than the least-squares

regression of one variable over the other one. €menotice the rather large dispersion of the eqgaltit, with explained

12



375

380

385

390

395

400

405

variance of 77%. We note the regression slope JQatibe higher than the slope of the- K, linear relationship (0.336),

reported as the red straight line in Fig. 9.

Figure 9 here

To go further, Fig. 10 presents the comparisorhefMRT-derived PIAs with the polarimetry-derivedABI The lineark —
Kg4, relationship leads to a significant positive di@sthe polarimetry-derived PIAs with a least-rewkes slope of 1.24. The
non-lineark — K, relationship does indeed a good job in reducimglitas (least-rectangles slope of 1.03). Thisltesay
be surprising given thie — K, relationships displayed in Fig. 8. One has toizedhat the range df,, values is much
smaller for the 5-min DSD estimations than for kg () profiles discretized with a 34.2 m resolution. Sidering the 1-
min DSDs allowed us to confirm the validity of tiieear and non-lineat — K, models for a wideK,, range (not shown

here for the sake of conciseness). We are theret@miident in the relevance of the results preskintd-ig. 10.

Figure 10 here

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

Figure 11 displays the scatterplot of thg, — PIA values obtained in the ML for the Janualy 2018 stratiform event with
the MOUC 0°-PPI data, following the methodology aésed in section 3.1 and 3.2. The results obtaiioedhe thirteen
targets (Table 4) are considered in this analygik, no target censoring based for instance onrtimemum PA observed for
a given target as for the XPORT case study. Onesearthat the correlation between the two variaklesverely degraded
compared to the rain case with an explained vagiafct1% and a least-rectangle slope of 0.51 dBe#ggThe red line
recalls thek — K, linear regression determined with the DSD obseategtound level for this event. Clearly, thg, — PIA
relationship is different in rain and in the ML,daas suggested when commenting Fig. 6, it likelyethels on the physical

processes occurring during the melting.

Figure 11 here

To investigate this pointg, (1) andPIA(ry) values estimated during the rising of the ML &t lével of the MOUC radar
are represented in Fig. 12 as a function of thesgitmn within the ML. As already noted, we defitiee ML width as the
difference between the Zh top altitude andghgbottom altitude (Khanal et al. 2019). Since the Witlth significantly varies
during the considered period (from 630 to 1020ewe; Kig. 8), we found necessary to scale the a#t#tiny the ML width. This

was achieved by considering the following lineansformation of the altitudes:
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H(t) = (hy = honwp (t))/MLw (8) (4)

wherehy, is the altitude [m asl] of the MOUC raddr,,5(t) is the altitude of the ML bottorand MLw(t) is the ML
thickness at a given time The scaled altitudH (t) [-] subsequently takes the value 0 at ML bottord #re value 1 at ML
top (orange and blue thick horizontal lines, refipely, in Fig. 12). Furthermore, in order to logahore precisely the position
of the Zh andpy,, peaks within the ML, we computed their scaledtiadies at each time stef,,p(t) andH,p,p(t)

respectively, as:

Hynp(8) = (hznp (t) — hpnos (£))/MLw () (5)
and:
thvP ) = (hpth ) - hphvB (t))/MLw(t) (6)

whereh,;p(t) andh,,,»(t) are the altitudes of Zh peak apg, peak at time. The dotted horizontal lines in Fig. 12 represent
the 10 and 90% quantiles of the time series oftaded altitudes of Zh peak (dotted blue lines) gydpeak (dotted orange
lines). We can observe a shift between the Zhgpdharacteristic altitudes, consistent with the Mimatology established
by Khanal et al. (2019) who reported a shift ofattldD0 m in average between the two peaks. Weindiig. 8 that this shift
is visible during the snowfall period and at thegibaing of the ML rising but that it is less prommed after 03:00 UTC and
during the rainfall period. In order to better eande their vertical trends, the MPTA(ry) and¢g, (ry) values are presented
in Fig. 12 as a function of the scaled altitudethimform of box plots with a scaled altitude clagsize 0.1The number of
counts in each class is indicated on the righhefgraphs; it is a multiple of the number of MRTg&ts (13 here) depending
on the time occurrence of estimates in a givetudki class. The vertical sampling is not very rigiih missing classes within
the ML. However there is clear signature for the w@riables in the ML. The trends already evokeémwommenting Fig.8
are confirmed: (i) the MRT PIAs peak when measurgmare made at the level of the Zh apg peaks; more precisely, the
PIA peak is observed for the altitude class coimagithep,, peaks (scaled altitude class centered at 0.3}h@iregion with
maximum values is somewhat thicker &y, encompassing a significant part of the upper béitween the 0.3 and 0.8 scaled
altitude classes; (iiigpp4, tends towards almost similar values in averagaim(ML bottom) and snow (ML top), (iv) the PIA
tends towards its value in rain below the ML andaads 0 above the ML. One would have expected & mamounced return
towards O of the PIA on top of the ML. This lowdiah expected decrease could sign a radome attenuatiwever the
rainfall intensity is low for the considered evamd the radome is equipped with a heating systethas@ccumulated snow

is unlikely. It may also result from a smoothindeet related to non-uniform beam filling: with 8sdB beamwidth of 1.28°,
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the angular resolution of the measurements of tl@UK radar is 447 m and 1005 m at distances of 2(akth45 km,

440 respectively, which correspond to the minimum arakimum ranges of the considered mountain targets.

Figure 12 here

Finally, Figure 13 displays the evolution of théaaf the mean of the MRPIA(ry,) values over the mean @f;, (r),) values
445 as a function of the scaled altitudes. The valudnefratio below the ML (0.33) is in rather goodesment with the slope of
the linear model established between the spedifenaationk and the specific differential phase stkft, using the DSD
measurements in rain available for this event (028 Fig. 9). Near ths,,, peak, the ratio value is equal to 0.42. For theeh
classes of scaled altitude 0.7, 0.8 and 0.9, ttie ismsbetween 0.32 and 0.38, with an apparentrsdany maximum for the
altitude class 0.8. Data with increased verticabhation would be necessary to confirm or not tiservation, which is also
450 visible on the PIA profile and on sevetal,, andPIA time series like the ones displayed in Fig. 8. véthe ML, the ratio

progressively tends toward 0 in about 300 to 400 m.

Figure 13 here

455 5. Summary and conclusions

We developed in this work a methodology for studytine relationship between total differential phsisit (¢,,) and path-
integrated attenuationP(A4) at X-Band. Knowledge of this relationship is @di for the implementation of attenuation
corrections based on polarimetry. We used the MoamReference Technique for direct PIA estimatiassociated with the

460 decrease of strong mountain returns during prextipit events. The MRT sensitivity depends on thestvariability of the
dry-weather mountain returns. The MRT PIAs may bsitively biased by on-site attenuation relateganticular to radome
attenuation and negatively biased by the effecpretipitation falling over the reference targetfieTpolarimetry PIA
estimation is based on the regularization of tive g, profiles and their derivation in terms of specifiifferential phase
shift (K,,) profiles followed by the application of a poweml relationship between the specific attenuatichtae specific

465 differential phase shift. Suck — K, relationships were evaluated for rain with a scaite model by using DSD
measurements and an oblateness model for raindfbgsnoise of the raw,, profiles, the possible contamination of the
signal by differential shift on backscatter and #wequacy of thé — K, relationship used determine the quality of the
polarimetry derived PIAs. Non-uniform beam fillifUBF) effects may also play a role. A point to drapize is that both
PIA estimators are not sensitive to an eventuamraascalibration.

470
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We presented first a rain case study based oncoimeective events observed with the XPORT radaatkatin the Grenoble
valley. Sixteen mountain targets were considereith @iy-weather mean apparent reflectivity greatemt45 dBZ. The
stability of the apparent reflectivity of the moaint targets during the considered period were shovire very good and the
time variability of the reference returns during-aveather preceding or succeeding the rain eventsetvery small with
standard deviations in the range of [0.2 — 0.9 dE&fjce the XPORT radar is radomeless, on-siteadtion effects are most
likely negligible. The impact of rain falling ovéne mountain targets may also be very limited duthé high reflectivity
threshold considered (45 dBZ). The developmerti@fégularization procedure of the rdyy, profiles required a significant
effort and we are confident in its ability at degliwith the measurement noise, especially for hgasgipitation. We carefully
examined many raw and regularized profiles lookiog possible evidence af,, contamination during the considered
convective events. We found out some profiles wather well organised “bumps” that could sign sachtaminations. The
regularization procedure was adapted in ordeiter Buch effects, with a satisfactory performanten they occur at some
distance (some kilometres) from the mountain targeaddition, we remind the reader that the obsenp,, (1) values
extends up to 80° while the theoretidg), range is 0-4 dB. Thé&,, effect may therefore impact the results obtainelg at
the margin. NUBF effects may constitute an addél@ource of error which, although the rain evevese convective, should
remain limited due to the short ranges considetadhe end, the scatterplot of the MRT PIAs asrecfion of thep,, (1y)
values for all the nine convective events presanteverall good coherence with however a significkspersion (explained
variance of 77%). It is interesting to note thae thon-lineark — K, relationship derived from independent DSD
measurements taken during the events of interggband level allows a satisfactory transformatwbthe XPORTep 4, (1)
values into almost unbiased (although dispersefieBtimates. Both estimation methods are pronpéoiic errors and, even
if the MRT PIA estimator is more directly relatedgower attenuation, it spriori difficult to say which estimator is the best.
An assessment exercise of attenuation correctguorihms, making use of both PIA estimators, withprect to an independent
data source (e.g. raingauge measurements), isdksio distinguish the two PIA estimators. In thésspective, a specific

experiment is being designed within the RadAlp @cbpnd it will be implemented in the near future.

The Melting Layer case study of January™324018 was made possible by the unique configuratfahe observation system
available. The study of the— K, relationship within the ML is desirable to bettprantify attenuation effects in the ML
with polarimetry; and one has to recognize thahswetationship can still be very difficult to chaterize theoretically with
scattering models and patrticle size distributiandé collected in the ML. The XPORT radar locatedha bottom of the
valley allowed a detailed temporal tracking of e from below using quasi-vertical profiles derivGdm 25°-PPls. The
MOUC radar provided horizontal scans at an altitofl2917 m asl in direction of several mountairgés during the rising
of the ML in about 2 hours. From this dataset, @isvwpossible to derive the evolutionRifd (1) andeg, () values as a
function of the altitude within the ML. The evoloti with the altitude of the ratio of the mean vabfi®[A(r,,) over the mean

value of¢ 4, (ry), as a proxy for the slope of a lindar K, relationship within the ML, was also considereuhc8 the ML
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width varied during the ML rising, we found neceyda scale the altitudes with respect to the Mdtwi The three variables
considered present a clear signature as a functitre scaled altitude. In particular, thé4 /¢4, ratio peaks at the level of
the p,,, peak (somewhat lower than the Zh peak), with ae/alf 0.42 dB degréfe while its value in rain just below the ML
is 0.33 dB degrek The latter value is consistent with the slopehef lineark — K, relationship (0.29) established from
concomitant DSD measurements at ground level.PIA¢ ¢ 4, ratio remains quite strong in the upper part ef¥fi, between
0.32 and 0.38 dB degréebefore tending towards 0 above the ML. One wdasle expected a more pronounced return
towards O of the PIA on top of the ML. This lowdiah expected decrease could sign on-site attemuatiourring at the
beginning of the ML rise due to the melting of #r@w eventually accumulated over the radome; fifésteis probably low
for the considered event since the snowfall intgnaias small and since the radome is heated. It atsty result from a
smoothing effect related to non-uniform beam fglifangular resolution of 447 and 1005 m for thegeaaf mountain target
distances). Thé,,, effect is likely to be strong in the ML (up to 4hd its relative importance may be quite highun case
study since the PIA range is significantly lowemgared to the rain case study, with maximum PlAasbaiut 15 dB. However,
we did not find evidence @, signatures in the raw,, () profiles and we are confident in the ability oé ttegularization
procedure to filter them in a rather satisfactoaywf they eventually occur. Although the experinaronfiguration for the
study of attenuation in the ML presents some litidtes (possible radome attenuation, NUBF effett® preliminary results
presented here will be deepened by processingaaeatadf about thirty stratiform events with thegamrece of the ML at the
level of the MOUC radar.
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640

Table 1. Characteristics of the XPORT and MOUC rada systems

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, afh @alarisation

Pulse length (us)

2

1

Radial bin size (m) 240 34.2
Receiver dynamic range (dB) >90 >90
Minimum detectable signal (dBm) -114 -112

Volume scanning protocol

(PPIs with elevation angles in °)

0/0.6/1.2/2/3/4/8/14°

3.5/75/15/25/45°

Volume scanning period (min)

5

Measured parameters

Zhr Zv' Zdr- Phv» ¢dp' Uy
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645 Table 2. Some characteristics of the nine convecéwevents considered in the study of thg,, — PIA relationship in

650

655

rain. The ML detection was performed with the 25°-&evation angle measurements of the XPORT radar usigthe
algorithm described in Khanal et al. (2019). The t@l rain amount and the maximum rainrate are recorced at the
weather station available at the XPORT radar site alGE. The maximum PIA is derived from the MRT technique by
considering the 7.5° elevation data of the XPORT dar.

Minimum Maximum
Date Beginning End (UTC) altitude ofthe Total rain  rainrate in - Maximum
(UTC) ML bottom amont (mm) 10 min MRT PIA
(masl, (mm ) (dB)

May 12, 2017 12:00 16:00 2000 9.2 8.4 14.2
July 21, 2017 15:30 19:30 3000 35.2 42.0 30.7
August 8, 2017 08:30 14:30 3700 27.9 48.0 30.1
August 31, 2017  07:00 11:30 3200 19.9 15.5 7.6
May 22, 2018 16:00 23:00 2000 16.9 8.4 10.2

May 27, 2018 14:00 17:00 2700 6.9 9.9 6.0

May 28, 2017 13:00 23:00 2500 9.8 9.0 7.7
July 20, 2018 17:00 22:00 2700 12.1 15.6 19.3
August 9, 2018 07:30 15:00 3000 24.8 8.4 19.2
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660 Table 3: Geometrical characteristics and apparenteflectivity statistics for the 16 mountain targetsselected for the
XPORT radar at an elevation angle of 7.5°. The mearstandard deviation, 10 and 90% quantiles of the@parent
reflectivity time series are given for the first aml last convective events in the considered periodde Table 2).

May 12th, 2017 August 9th, 2018
Target Mean Mean Number = Size (km?) Mean  Standard 10% 90% Mean Standard 10% 90%
azimuth (°) range (km) of gates reflectivity deviation quantile  quantile reflectivity deviation quantile = quantile
(dB2) (dB2) (dB2) (dB2) (dB2) (dB2) (dB2) (dB2)
1 29 4.1 51 0.06 48.39 0.21 48.17 48.73 48.29 0.23 48.03 48.62
2 13.2 4.8 130 0.18 52.19 0.80 51.55 53.17 52.22 0.66 51.62  2753.
3 17.5 5.7 163 0.27 51.90 0.29 51.61 52.25 52.42 0.50 51.91 1453.
4 24.0 8.6 133 0.33 51.98 0.51 51.44 52.80 51.87 0.40 51.41 3952.
5 29.0 14.6 71 0.30 49.44 0.55 48.91 50.01 50.31 0.59 49.63 1051.
6 89.5 17.1 160 0.79 53.20 0.38 52.81 53.59 52.78 0.43 52.34 5353
7 95.3 145 95 0.40 54.12 0.23 53.91 54.30 53.96 0.21 53.72  2054.
8 98.4 13.2 120 0.45 51.02 0.50 50.59 51.67 52.13 0.39 51.59 .6752
9 101.2 13.1 156 0.58 48.95 0.23 48.71 49.18 49.50 0.12 49.37 9.664
10 119.7 12.1 92 0.32 49.36 0.21 49.11 49.59 50.23 0.12 50.07 0.395
11 124.8 11.8 242 0.82 51.04 0.53 50.50 51.84 52.02 0.32 51.63 52.43
12 130.1 11.9 240 0.82 51.43 0.90 50.48 52.63 54.€3 0.52 54.08 55.30
13 135.1 12.0 271 0.94 50.20 0.87 49.33 51.43 53.24 0.78 52.34 54.35
14 238.8 11.4 221 0.73 52.97 0.67 52.20 53.59 52.86 0.58 52.11 53.60
15 243.8 10.7 187 0.58 52.63 0.59 51.97 53.45 53.79 0.35 53.37 54.23
665 16 248.8 10.5 162 0.49 53.62 0.41 53.11 54.02 52.96 0.37 52.53 53.50

22



670
Table 4: Geometrical characteristics and apparenteflectivity statistics for the 13 mountain targetsselected for the
MOUC radar at an elevation angle of 0°. The meantandard deviation, 10 and 90% quantiles of the appant
reflectivity time series are computed over the pedd January 39, 19:00 — 23:55 UTC preceding the rising of the ML
at the level of the MOUC radar.

675
January 3rd-4th, 20,
Target Mean Mean Number Size Mean Standard  10% quantile 90% quantile
azimuth (°)  range (km) of gates (km?) reflectivity deviation (dBZ) (dBZ)
(dBZ) (dBZ)
1 40.0 29.52 25 1.55 49.97 1.1 48.70 51.26
2 43.7 26.28 13 0.72 49.90 1.28 48.18 51.36
3 78.0 27.12 24 1.36 48.18 1.44 46.77 50.12
4 84.2 23.64 28 1.39 49.56 0.95 48.37 50.90
5 89.5 23.04 82 3.96 49.09 0.62 48.39 49.80
6 96.0 21.36 78 3.49 49.37 0.75 48.32 50.34
7 101.7 19.92 52 2.17 49.31 1.01 47.83 50.37
8 107.2 22.44 33 1.55 51.94 1.11 50.52 53.22
9 117.0 25.32 38 2.02 51.50 1.03 50.17 52.74
10 121.2 23.52 41 2.02 48.65 1.18 47.28 50.18
11 128.5 28.44 43 2.56 49.38 0.98 48.21 50.59
12 132.5 27.00 25 1.41 50.33 1.24 48.71 51.81
13 160.2 44.88 37 3.48 49.91 1.00 48.69 51.11
680
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IGE site (220 m)
= XPORT (X-band radar)
= MRR (K-Band)
= in-situ sensors

Moucherotte site (1920 m)
Météo-France X-Band radar

Altitude (m)

g & &

g

~N
3
S

Echelle 1: 272880 8
9 12 15 18 21 24 27 30 33 36 39

0 —_— h 4 1 - y Distance from MOUC radar (km)

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 two rain events considereth the present study: left — convective case of Ju21, 2017; right —

stratiform case of January 4, 2018. Top graphs: rairate and cumulative rainfall timeseries observed tthe IGE site;

bottom: results of the ML detection algorithm basedon XPORT 25°-PPI data. The horizontal red line indicgées the altitude
700 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

-
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705
Figure 3. Examples of XPORT 7.5° PPIs of raw refledtity (not-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 adar, respectively. The red circles focus the atteian of the
reader on the mountain returns associated with th€hamrousse (south-east) and the Moucherotte (soutlkiest) mountains
710 in between the 10-15 km range.
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July 21t, 2017

15:58 UTC, target 8, radial 3 16:22 UTC, target 7, radial 1
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715 Figure 4. Two examples (left, right) ofZ,,, py, and ¢4, range profiles of the XPORT radar (7.5°-PPI) duringthe July 21,
2017 convective event for one radial of a given matain target. The raw horizontal reflectivity profil es (top graphs) at the
considered time steps (blue) are displayed togetharith the dry-weather reference target value (black The py,, profiles
(middle graphs) are used to detect the rainy gate®ot affected by clutter at close range and in theagion of the mountain
target. The bottom graphs display the ram,, profiles (green), the upper (red) and lower (bluegnvelope curves and the

720 regularized ¢, profiles (black).
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July 21%t, 2017, target 8

July 20t, 2018, target 5
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Figure 5. Two examples of time series of the apparereflectivity of mountain returns for a given target (top graphs), the
corresponding @4, estimates (middle graphs) and the resulting PIA ¢ignates. The horizontal black lines on top graphs
represent the mean (solid line), the 10% and 90% antiles (dotted lines) of the dry-weather apparenteflectivity of the
target. The three lines on bottom graphs correspontb the MRT PIA estimate (blue) and to the polarimety-derived PIA
estimates by using the lineak — K, relationship (grey) and the non-lineark — K 4, relationship (black), derived from
DSD measurements at ground level.
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January 4%, 2018, target 7

MOUC radar time series
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Figure 6. Time series of (i) the apparent reflectity values of a given mountain reference target todgfeer with the dry-
weather reference (red horizontal lines for the mea (solid) and the 10% and 90% quantiles (dotted) (ii) the resulting PIA
estimates (dB), (iii) the correspondingp,, (ry) values (°) for the 0°-PPI of the MOUC radar duringthe January 3-4n,
2018 stratiform rain event. The bottom graph displgs the results of the ML detection algorithm perforned with the

740 XPORT 25°-PPI data; see text for details.
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January 4th, 2018
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Figure 7. Two examples (left, right) oZy,, pp, and ¢4, range profiles of the MOUC radar (0°-PPI) during the July 2,
2017 convective event for one radial of a given matain target. The raw horizontal reflectivity profil es (top graphs) at the
considered time steps (blue) are displayed togethaiith the dry-weather reference target value (black The py,, profiles
(middle graphs) are used to detect the rainy gata®t affected by clutter at close range and in theagion of the mountain
target. The bottom graphs display the rawmp g, profiles (green), the upper (red) and lower (bluegnvelope curves and the
regularized ¢4, profiles (black).
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760 Figure 8. DSD-derivedk — K 4, relationships for the nine convective events (lgfand for the stratiform event of January 3-
4th 2018; see text for details.
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770 Figure 9. PIA— ¢y, scatterplot for the nine convective events consided in this study. The blue line corresponds to theehst
rectangle fit to the data, while the red line corrgponds to the lineark — K, relationship derived from the DSD data available &

ground level.
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Figure 10. Comparison of the PIAs derived from théMlountain Reference Technique and from polarimetry ugg the linear k-K 4,
relationship (left) and the non-lineark-K 4, relationship (right) for the nine convective events. The blue line corrpsnds to the least-

785 rectangle fit to the data and the red line is the /1 line.
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Figure 12. Box-plots of thePIA 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 continuousries represent the ML top and bottom,

respectively; the dotted horizontal blue and orangdines give the 10 and 90% quantiles of the scaleadtitudes of the Zh andpy,,

peak distributions, respectively.
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Figure 13. Evolution of the ratio of the mean PIA over the mean 34, values within the ML as a function of the scaled

altitudes for the stratiform event of January 3-4", 2018. The horizontal blue and orange lines represt the ML top
and bottom, respectively; the dotted horizontal ble and orange lines give the 10 and 90% quantiles die scaled

altitudes of the Zh andp,,,, peak distributions, respectively.
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