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Abstract. The RadAlp experiment aims at improving quantigaprecipitation estimation (QPE) in the Alps theutd X-band
polarimetric radars aniah-situ measurements deployed in the region of Grenobésde. In this article, we revisit the physics
of propagation and attenuation of microwaves in.rée first derive four attenuation — reflectiviZ) algorithms constrained
or not by path-integrated attenuations (PIA) estiddrom the decrease in return of selected moungagets when it rains
compared to their dry-weather levels (the so-callErlintain Reference Technique - MRT). We also abersbne simple
polarimetric algorithm based on the profile of tbtal differential phase shift between the radat #y@ mountain targets. The
central idea of the work is to implement these &igorithms all together in the framework of a gatieed sensitivity analysis
in order to establish useful parameterizationsG®E. The parameter structure and the inherent mmaiieal ambiguity of
the system of equations make it necessary to argahe optimization procedure in a nested way. ddre of the procedure
consists in (i) exploring with classical samplieghiniques the space of the parameters allowed varmble from one target
to the other and from one time step to the neijtcdimputing a cost function (CF) quantifying th@ximity of the simulated
profiles and (iii) selecting parameters sets foichta given CF threshold is exceeded. This comciwated for series of
values of parameters supposed to be fixed, e.gratier calibration error for a given event. Thes#@rty analysis is
performed for a set of three convective eventsgutie 0°-elevation PPl measurements of the Météoder weather radar
located on top of the Moucherotte Mount (altitudel®01 m asl). It allows estimation of critical pameters for radar QPE
using radar data alone. In addition to the radEibredion error, this includes time series of radoattenuation and estimations
of the coefficients of the power-law models relgtthe specific attenuation and the reflectividy4 relationship) on the one
hand and the specific attenuation and the spetiffierential phase shifiX-Kgprelationship) on the other hand. It is noteworthy
that theA-Z and A-Kgp relationships obtained are consistent with thoseved from concomitant drop size distribution
measurements at ground level, in particular withightly non-linearA-Kq, relationship 4 = 0.275 K;;'). X-Band radome
attenuations as high as 15 dB were estimated dgadithe recommendation of avoiding the use admaek for remote sensing

of precipitation at such frequency.
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1. Introduction

Estimation of atmospheric precipitation is impottéam a high mountain region such as the Alps fa& #ssessment and
management of water and snow resources (drinkirtgrwaydro-power production, agriculture and tom)isas well as for
35 prediction of natural hazards associated with isegrrecipitation and snowpack melting. In compleméth in-situ raingauge
networks and snowpack monitoring systems, rematsiisg using ground-based weather radar systema hagh potential
that needs to be exploited but also a number afdtrans that need to be surpassed. A first dilensnalated to the choice
of the altitude of the radar setup with a comprenis be found between maximizing the visibilitytbé radar system(s) at
the regional scale and increasing the represeatesss of the measurements made in altitude wigfecedo precipitation
40 reaching the ground, especially during cold periodissecond dilemma is the well-known detection gotfation versus
attenuation compromise, which is acute for weatadar frequencies. S-Band and C-Band frequenciesifd 3 and 5 GHz,
respectively) are traditionally preferred in coetital-wide weather radar networks (Serafin and &¥il2000; Saxion et al.
2011, Saltikoff et al. 2019) for their approprigtecipitation detection capability and their modersensitivity to attenuation.
In Europe, MeteoSwiss has the longest-standing réequee in operating such a C-Band weather radawar&tin high-
45 mountain regions (Joss and Lee, 1995; Germann 20@6; Sideris et al. 2014; Foresti et al. 20If@plementation of radars
operating at the X-Band frequency (~9-10 GHz) Has &een proposed in the last decades for reseandtoperational
applications at local scales, e.qg., for precigitatnonitoring in urban areas and/or in mountaimeggons (Delrieu et al. 1997;
McLaughlin et al. 2009; Scipion et al. 2013; Lendfet al. 2014, to name just a few). The reneweer@st for the X-Band
frequency, known for long to be prone to attenumtfe.g., Hitschfeld and Bordan 1954), is based hen fgromises of
50 polarimetric techniques (e.g. Bringi and Chandras&l001; Ryzhkov et al. 2005) for attenuation ocfiom (Testud et al.
2000; Matrosov and Clark, 2002; Matrosov et al.20@atrosov et al. 2009; Koffi et al. 2014, Ryzhketval. 2014). Météo-
France has chosen to complement the coverage @ipésational radar network ARAMIS (for ApplicatidRadar a la
Météorologie Infra-Synoptique) in the Alps by meais(-Band polarimetric radars. A first set of tareadars was installed
in Southern Alps within the RHyYyTMME project (RisqueHydrométéorologiques en Territoires de Montagees
55 Meéditerranéens) in the period 2008-2013 (Westelal. 2012; Yu et al. 2018). An additional raddUC radar, hereinafter)
was installed in 2014 on top of the Mount Mouchierdtt901 m) that dominates the valley of Grenofilee RadAlp
experiment (Khanal et al. 2019; Delrieu et al. 202 contribution to research aimed at improvgongntitative precipitation
estimation (QPE) based on the Météo France MOU@rrambmplemented by a suite of sensors installetherGrenoble
valley floor at the Institute for Geosciences amyiEbnmental research (IGE, 210 m asl). This inekithe IGE research X-

60 Band polarimetric radar named XPORT, a K-Band MiReon Radar (MRR) anih-situ sensors (disdrometers, raingauges).

The present article aims to show that mountairrmstaan be useful for the parameterisation of Qig&rithms for weather
radar systems operating at attenuating frequentie®untainous regions. It is part of a seriesaftabutions devoted to the
Surface Reference Technique proposed for spacebadae configuration (Meneghini et al. 1983; Marg@and Amayenc,

1994; and more recently Meneghini et al. 2020) isttansposition to ground-based radar configaratiwith the Mountain
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Reference Technique (Delrieu et al. 1997, Serral. @000, Delrieu et al. 2020). Figures 1 anduitate our point. Figure 1
shows a map of dry-weather mountain returns oMJC radar. The configuration of the radars opetatethe RadAlp
experiment is recalled in the insert; note thayydhe MOUC radar data is used in the current stiithe measurements are
taken at an elevation angle of 0° which correspdadbe lowest PP of the volume-scanning stratefgthe MOUC radar.
The reflectivity data are averaged over a periddaf hours; one PPl is performed at the 0°-elevedingle every five minutes.
We have selected 22 mountain targets correspomdiogmpact groups of gates in successive radigdstypically; the radial
spacing is 0.5°) and ranges (5-10 gates; the gdémteis 240 m) presenting a majority of dry-weatheflectivity values
greater than 45 dBZ. The paths between the radhthentargets are free of beam blockages and grasdew noisy gates
(due to side lobes) as possible. In addition tadfiectivity map, the top graphs of Fig.2 dispthg co-polar correlatiorpf,,)
and the total differential phase shift,) maps at 14:00 UTC on 21 July 2017 before the ective event that occurred that
day between 15:30 and 18:00 UTC. THg, map is essentially noisy at that time and the gelbur in thep,, map,
corresponding to values close to 1, highlights semall rain cells, in particular one in the soutlhe radar domain close to
Target 22 (Grand Veymont Mount). The middle row maprrespond to the occurrence of intense pretigitaver the city
of Grenoble at 16:05 UTC. A peak of 40 mrhih ten minutes was recorded at that time by thegeuge located on top of
the IGE building. ThéV,,, map displays marked increasing radial profileshie North-East (NE) direction. Thg, map
allows a good delimitation of the whole rain pattand clearly shows the dominance of the mountturns over the rain
returns for most of the Belledonne and Taillefegéds. The most striking observation on the reiflgtmap is the dramatic
decrease of the mountain returns of Targets 1-1BerNE sector which results with no doubt from rthie cell falling over
the city of Grenoble at that time. This is a cleaample of what will be termed as “along-path attgion” hereinafter. On
the bottom row of Fig. 2, which corresponds tortreasurements made at 17:00 UTC, one can obsenvdla strong along-
path attenuation in the NE direction in flg, map, associated with a second 40 mhrdinrate peak at the IGE site (see
eventually the hyetograph in Delrieu et al. (2020¢jr Fig. 2). But more impressive is the geneedrease of returns from
all the mountain targets, associated with a raih a=urring at the radar site. This is an exampleso-called “on-site
attenuation”, related to the formation of a watkn fon the radome, combined with along-path attépunan the immediate

vicinity of the radar site.

The article is organised as follows. In the thdoattpart (section 2), we find useful to revisitsome detail the physics of
propagation and attenuation of microwaves in relie. derive (section 2.2) four attenuation — reflatti (AZ) algorithms
constrained or not by path-integrated attenuat{®h8) estimated from the decrease in return ofciet mountain targets
when it rains, compared to their dry-weather levéle also consider one simple polarimetric algonittased on the profile
of the total differential phase shift between thear and the mountain targets (section 2.3). Thetstre and interdependencies

of the parameters are discussed in section 2.4 [Ehds to the description of the principles of deaeralized sensitivity
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analysis proposed for studying the physical motiehad (section 3.1). The results obtained arstitiied and discussed item

by item in sub-sections 3.2.1-3.2.5. Concludinga#d and future work are presented in section 4.

2. Theory

2.1 Basic definitions and notations
Let us express the radar returned power préfile [mW] as:
P(r) = (C/r®) Z(r) AF(7) (2.1)

whereZ (r) [mm® m3] is the true reflectivity profileAF (r) [-] is the attenuation factor at ranggkm] andC is the radar
constant. We suppose the measured reflectivityilprdf, (r) to depend both on the attenuation and on a pesséuar

calibration error denoted(C:
Zn(r) = P(r)r?/C = Z(r) AF(r) dC (2.2)

In addition to the running range let us consider the rangg corresponding to the blind range of the radaressyseventually

extended to the range where the reflectivity messents start to be free of spurious detectionsedyeto side lobes.
The attenuation factotF (r) is expressed as the product of two terms:
AF(r) = AF (ry) AF (1ry,7) (2.3)

whereAF (r,) is the on-site attenuation factor which, as disedsin the introduction, may result from two madurses:
attenuation due to a water film on the radome dodgapath attenuation due to precipitation fallinefween the radar site

and rangey,.

As a classical formulation (e.g. Marzoug and Amayd®94), we express the two-way attenuation faasaa function of the

specific attenuation profild () [dB kn'] through the following equation:
AF(r) = AF(r,) exp(—0.46 frZA(s) ds) (2.4)

To go further, we have to introduce relationshipsieen the radar measurables (specific attenuatidrieflectivity) and the
variable of interest for QPE, i.e. the rainrRtfmm h?], which are assumed to be of power type with til®fing notations:

A= ay, Zbaz (2.5)
R = ag, APR4 (2.6)
R = ag, ZPrz 2.7
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The order used for the variables in equations Z/522meaningful since the specific attenuatiorfifgaés derived from the

measured reflectivity profile, while the rainratofile can be derived in a second step either ftbenspecific attenuation
125 profile or from the corrected reflectivity profil®ue to the well-known lower variability of tHeA relationship compared to

theR-Z relationship, (2.6) should be preferred to (20f)the estimation of the rainrate profiles (Ryzhletal. 2014).

Let us now consider another particular range, dahgt, where estimates of the attenuation factor masvadlable. We use
the following notation:

130 AF, (1) = AF (1) dAE, (2.8)

whereAF (r;,) is the true attenuation factor at rangeand the ternd AF,,, represents a multiplicative error term. As illased

in the introduction, such direct estimates of ttierauation factor can be obtained in mountainog®re from the MRT.
135 We frequently use hereinafter the notion of pategnated attenuation (PIA), in units of dB, defireed
PIA(r) = —10log,o(AF (1)) (2.9)

Note that sincelF(r) is comprised between 1 (no attenuation) and 0 gfténuation), the PIA subsequently takes valoes i
140 the range of 0 (no attenuation) up-teo (full attenuation). The PIAs at ranggsandr,, are denote®l/A, andPIA,,,
respectively, in the following.

2.2 Formulation of the attenuation-reflectivity algorithms

145 The following mathematical developments are inspiog the works on rain-profiling algorithms in dite measurement
configuration (e.g., Meneghini et al. 1983; Marzp@imayenc 1994). The attenuation-reflectivity algons (A-Z algorithms)
proposed in this section rely on two basic equatidime first one is the analytical solution of {2vhen the power-law model
(2.5) is supposed to represent perfectlyAki relationship. By taking the derivative 8F24z (r,, r) with respect to rangg
one obtains:

150
d(AFP4z(ry, 1)) Jdr = AFP4z(ry,1)(—0.46 ay; b,y Z(1r)PAz) (2.10)

Substitution of the true reflectivity by the mea=tireflectivity through (2.2) and integration beéne, andr yields:
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155  AFb4z(ry,r) = 1 — 0.46 a,y byy SZ(ry, 1) / (AF (1) dC)P4z
with:
(2.11)
SZ(rom) = [ Zn(s)P4zds.
160
The second equation is obtained by integrating0j2up to range;, and by introducing the attenuation factor estimate
available at this range, yielding:
(AF (1) JAF (15))P42 + 0.46 a,; byy SZ (1o, 1,) /(AF (1) dC)P4z = 1 (2.12)
165
We develop in the next sub-section four formulation attenuation corrections for a supposedly hamegus precipitation
type, i.e. we assume tlg, andb,, coefficients to be constant along the propagatiaih. Each formulation filters out one
of the four parameters,,;, dC, AF (r,) andAF (r;,). Note that due to the mathematical expressioheirtervening equations
there is no possibility to filter out ttig, parameter, which will be assumed to be constémgeco a value of 0.8 (Ryzkhov
170 etal. 2014), and to present a low sensitivityhia $ystem of equations.
2.2.1 AZhb algorithm (independent of PIA,,)
This formulation is based on (2.11) only. In ottards, it does not make use BfA,,. By combining (2.11), (2.2) and (2.3),
175 one obtains a corrected reflectivity profile thrauge following equation:
Zaznp (1) = Zin(r) [ [(AF (1) dC)P4% — 0.46 anz byz SZ (1, 1)]"/P42 (2.13)
The specific attenuation profile follows from theeuwof theA-Z power-law model (2.5):
180
Apznp () = Az Znt(r) [ [(AF (ry) dC)?4Z — 0.46 a7 by SZ(ro, 7)] (2.14)
This formulation is equivalent to the solution pospd early by Hitschfeld and Bordan (1954), hehegtoposed nan#Zhb.
It can be termed as a “forward algorithm” sinceyahle measured reflectivities between rangand the running rangeare
185 used for the correction at rangerhe minus sign between the two terms of the démator indicates that the denominator is

not prevented to tend towards 0 when $ecumulative term increases. This solution is subsatly known to be unstable

and highly sensitive to calibration error, to inqdate values of th&-Z relationship coefficients and to on-site atternmati
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2.2.2 AZC algorithm (independent of dC)
190
The attenuation constraint (2.11) is now used fwessdC as:

dC = [0.46 auz baz SZ(r0, ) / (AF (rg)P42 — AFy,(1;,)"42) M0z (2.15)
195 which is introduced in (2.11) to yield:
AF7E(ry,7) = [AF (1o)PA2SZ(r, 1) + AF (ry)"47 SZ(r,7)] / AF (19)°47 SZ (o, Tn) (2.16)
The corrected reflectivity profile is then deriviedm (2.2), (2.3), (2.15) and (2.16) to read as:
200
Zazc(r) = Zm(r) [AF (10)?4% — AF (1,,)"42]"/°42 | {0.46 a7 baz [AF (15)"4% SZ(r, 1) + AF (ry)"4% SZ (1o, 1)]}"/ "4

(2.17)

Note that in the previous derivations, the expassif dC given by (2.15) is used two times, first in thepession of

205 A&"ZACZ(rO,r) from (2.11) and then in the substitutionddf in (2.2).
The specific attenuation profile follows from theeuof theA-Z relationship (2.5):

Apzc(r) = Zpy(r)PAZ [AF (15)PAZ — AF (1;,)P47] / {0.46 by, [AF (15)P42 SZ(r,7,) + AF (1,)P42 SZ (15, 7)1}
210 (2.18)

In addition to their independence with respectl® it is interesting to note that both the atterarafiactor profile and the
specific attenuation profile provided by tAZC algorithm do not depend on thg, parameter. This parameter is however
present in the expression of the reflectivity geofi

215
2.2.3 AZa algorithm (independent of a, ;)

The attenuation constraint (11) is now used to esqat,, as:

220 a,, = [dCPAz (AF(1,)P42 — AF (1,,)P42)] / [0.46 by SZ (1, 7)] (2.19)
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AFPAZ(r, 1) = [AF (15)2428Z(r, 1) + AF (r)24Z SZ(ry,7)] / AF (16)PAZ SZ (15, 7) (2.20)
225
Equation 2.20 is actually identical to the;f’z“cz(ro,r) expression (2.16). From (2.20), (2.2) and (2.3, résulting corrected
reflectivity profile can be expressed as:
Zaza(r) = Zy(r) SZ(ro,1m)"/P47 [ {dC [AF (15)"47 SZ(r, 1) + AF (10)"47 SZ (1, 7)] }'/P42 (2.21)
230
One can note thd, ;. (r) is different fromZ,,.(r) and that it depends a@tC.
Next, it can be verified by using (2.21), (2.5) g2d19) (a second time, for the necessary substitutf a,,) that theAZa
specific attenuation profile is identical to tAEC specific attenuation profile given by (2.18) with:
235
Anza (1) = Zm(r)"47 [AF (15)P47 — AF (1,0)"47] / {0.46 baz [AF (15)"4% SZ(r, 1) + AF (r)"4% SZ (1,71}
(2.22)
We emphasize that both the attenuation factor padific attenuation profiles provided by th&C and AZa algorithms are
240 identical. Moreover they do not depend on dhe anddC parameters. This ia priori a very interesting property of these
algorithms. However, the reflectivity profiles pided by the two algorithms are different and, imtigalar, the reflectivity
profile of theAZa algorithm depends aiiC while the reflectivity profile of théZC algorithm depends am,.
2.2.4 AZ0 algorithm (independent of PIA,)
245
The attenuation constraint (2.11) can finally bedu® expresdF (r,)?4z as:
AF (1)P42 = [0.46 auz baz SZ(15, 1) + (AF, (1) dC)P42)] / dCbaz (2.23)
250 which can be introduced in (2.11) to yield:

AEDAZ(ry,7) = {0.46 a4y bay SZ(r, 1) + AF (ry)PA2 dCP47 } [ {0.46 auy bay SZ(To, 1) + (AFy (1) dC)PAZ)
(2.24)
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255 The resulting corrected reflectivity profile is:
Zazo(r) = Zm(r) /{046 sz baz SZ(r,1) + (AEp(ry) dC)P4z }1/P4z (2.25)
And the specific attenuation profile:
260
Apzo(r) = auz Zin(r)P42 / {046 apy bay SZ(r, 1) + (AF, (1) dC)P4Z} (2.26)
The AZ0 algorithm has the simplest mathematical express&mnong the three algorithms using the PIA comstrétilooks
like a “backward algorithm” since the reflectivijnd the specific attenuation profiles estimatetth@running range depend
265 only on the measured reflectivities between rangeandr, while the AZC andAZa algorithms make use of the entire
measured reflectivity profile betweep andr;, for the estimations at range
The + signs in the denominators of eq. 2.18, 2131, 2.22, 2.25 and 2.26 are indicators of theri@ht stability of the three
algorithms using the PIA constraint, unlike #ghb algorithm.
270
2.3 Formulation of a simple polarimetric algorithm
In the present study, we are making a basic ugelafimetry with the derivation of a PIA profilegdotedPA 4, (1), from
the profile of the total differential phase shift propagation, denotedl,, (ro, ) [°]:
275
Dp(ro,7) = 2 [} Kap(s) ds 2.27)
whereKy, is the specific differential phase shift on progiégn [° km']. Assuming a power-law relationship between the
specific attenuation and the specific differengibhse shift on propagation, with:
280
A = au Kgix (2.28)
and using Egs 2.4 and 2.9 yields:
285 PlAgqa,(r) = PlAg + 2 as fr: Kp4%(s) ds (2.29)
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This polarimetry-derivedl A profile can be related to tH A profiles obtained by integrating th& specific attenuation
profiles given by Egs 2.14, 2.18 and 2.26 (equivilye the P1A44, (1) profile could be derived as a function of range an
related to theA\Z specific attenuation profiles).

290
2.4 Analysis of the parameters of the considered physical model

Equations 2.11, 2.12 and 2.29 form a system oft@nsawith seven parameters (or unknowns), nanteycbefficients of
the A-Z relationship .7, bsz), the coefficients of thd — K, relationship ¢, bak), the radar calibration errod¢), the
295 on-site attenuatiofiPIA,) and the path-integrated attenuation at rapgéPIA,,). Estimation of the rainrate profiles will
require two additional parameters, e.g. the twaupetersd,, br,) of theR-A relationship. The prefactors and exponents of
the so-called — A — K, — R relationships are mutually dependent since theydatermined by the shape, density and size
distributions of the hydrometeors and their elaotignetic properties, largely driven by their setdsus liquid composition.
These coefficients may vary considerably from orecipitation type to another. In addition, even dogiven precipitation
300 type, the actuaf — A — K, — R relationships present an inherent variability wébpect to the power-law models, associated
with the greater or lesser proximity of the pa#isize distributionFSD) moments associated to each particular variabie (e
the 6" orderPSD moment for the reflectivity, the 3.8rderPSD moment for the rainrate). As an ultimate comigxivhen
for a given propagation path various types of hyukteors are successively encountered (e.g. railtingy@recipitation,
snow), it would be desirable to apply the apprdprizefficients for the different precipitation .. provided one is able
305 to determine them. As a simplification in the praseork, we will be considering a homogeneous iggiion type
(convective rainfall). Because of the mathematfoain of the equations at hand and the likely mutlgppendence of the
exponents and prefactors of the power-law modedswill assume the exponents of & and thed — K, relationships to
be constant for all the considered events whileptieéactors will be allowed to vary for each singleget and time step. The
question of thdR-A conversion is left aside in this study.
310
From a physical point of view, the parameté€s PIA, andPIA,, are mutually independent aagriori independent of the
coefficients of theZ — A — K, — R power-law models. It seems reasonable, and thiene in the following simulations, to
assume the radar calibration error to be constara fiven precipitation event. Regarding on-siteraation, Frasier et al.
(2013) made a synthesis of previous theoretical emgirical studies, and provided an empirical mdoased on the
315 comparison of the measurements of two X-Band ragstems in the French Southern Alps, one equippédaradome and
the other one being radomeless. From this artietehave devised two sampling strategies for tharpaterPIA,. The first
sampling strategy is a simple random drawPdfi, between 0 and 10 dB whatever the precipitatiorditmms at the radar
site. The second one takes into account a depead#n@/A, on the measured reflectivity in the vicinity okthadar site,

denotedZ,. Based on Figure 5 in Frasier et al. (2013), weslidited a coarse power-law model for X-band rad@ttenuation

10
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on their experimental data, yieldi®gd; = 0.0126 Z3° with PIA; in dB andZ, in dBZ. Based on their Fig. 6 which shows
important variations between the theoretical angigoal results proposed in the literature, we hdeéned a large range of
lower and upper limits for thBIA, draws conditioned oI, via PIA; (see Table 1). For the two sampling stratediéa,
will be allowed to vary from one target to the néxt. in different directions, and from one tintegsto the next. The accuracy
of the MRT-derivedPIA,, was studied by Delrieu et al. (1999) by compafihBT estimates with direct measurements
obtained with a receiving antenna set up in the men range . They showed that (i) selecting stromauntain returns
(typically greater than 45-50 dBZ) allows to mitig&he impact of precipitation falling over theget (negative bias), (ii) that
a refined estimation of the so-called dry-weattasdtine is required to account for the possibleifivadion of backscattering
properties of the mountain surfaces before and #fte event and (iii) that the time variability tife dry-weather returns
defines the minimum detectable PIA. These elemeste accounted for in the present study by selgattrong mountain
targets, studying their dry-weather time variapiljsee also Delrieu et al. 2020) and subsequerfinidg the range of

variation of thedAF,, multiplicative error (Table 1).

3. Sensitivity analysis

3.1. Principle

The parameter structure analyzed in sub-sectioted.ds to organize the optimization procedure mested way:

For a series of convective events, we assume thanexts of thé\-Z andA — Ky, relationships to be constant;
For each event, we assume the radar calibratiam e constant. A simulation is performed focleaombination of the
bz, bsx anddC values listed in Table 1;

The simulation core is implemented as follows factemountain target and each time step:

* TheZ,(r) and®,,(r) profiles between the radar and the mountain tasgetpre-processed. For each of the
successive radials composing the target, this dediwdetermination of gates affected by clutteharegion of the
mountain target and along the propagation patts iBldone by considering both dry-weather meanegadixceeding
various thresholds (25 dBZ for significant cluttés, dBZ for a gate belonging to the mountain tgrgatl by using
the profile of the copolar correlation coefficiépt,,) (Delrieu et al. 2020). The mediafy, (r) and®, (r) profiles
over the series of radials are then computed. TRE U4, is evaluated as the difference of thg mean values
between the dry-weather baseline and the curnew $itep, the mean being taken over all the gatepasing the
target. They value is estimated as the range of the first atevhich four successive values (corresponding to
range extent of 960 m) exceedp,g value of 0.95. This last value is set as a thrieshetween precipitation and

clutter / no precipitation (from the statistics geated in Khanal et al. 2019). Thgvalue is computed as the product

11
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of 1/dC (correction for the radar calibration error) ahd mean reflectivity of the selected four successgates if
they are located within the first 2 km range; ottiee theZ, value is set to 0. The reader is referred to Khahal.
(2022) for the most recent description of the fagdphisticated procedure used for dhg, (r) regularization based
on the raw total differential phase shift profifes all the radials associated with a given tarette that a target is
selected at a given time step for the followingstef the simulation iPI4,, > 1 dB and if a good quality index of
the @4, (r) regularization is obtained (Khanal et al. 2022).

The Latin Hypercubes Sampling technique is thed tsgeneratdl parameter sets (with = 200 in the following)
filling uniformly the parameter space composed otirf parameters: the prefactarg, anda,,, the on-site
attenuation factoAF () and the multiplicative erratAF,, on the MRT attenuation factor. The central valued a
intervals of variation of these four parameterslisted in Table 1. It is noteworthy that the ramddraws are made
on the dB-transformed ranges of parameters sdtbeg are as many values below and above the tealue, e.g.
as many values between 0.15 and 0.3 on the onegmahetween 0.3 and 0.6 on the other hand fatfpearameter.
After discarding unphysical parameter sets (eapdfieading t®14, > PIA,,), the five algorithms are implemented
for all the remaining sets. A cost function (CFpimluated in order to measure the convergenceximity of the

five simulated profiles for each parameter set. fiflewing CF was found to be appropriate:

CF = Mean(NSE (Zaznp (1), Zazc (1)),
NSE(Zz¢ (1), Zaza (1)),
NSE(Zazc (1), Zazo (M),
NSE(Zaza(T), Zazo (7)),
NSE(PIApz¢(7), PI1Agap (1)),
NSE(PIAyz0 (1), PIAgqp (1))

(3.1)
whereMean stands for “the mean value of” alNEE is the Nash-Sutcliffe efficiency (Nash and Suteljfl970)
between the two profiles indicated between bracRéteNSE criterion, or efficiency, is quite popular in hydiogical
sciences. It is employed in the context of param@giéimization since it has the definite advantafjbeing sensitive
to both the average values and the correlatiorhefdompared data series. Note tN&E = 1 denotes perfect
agreement between the two series. The first faumdef theCF allow measuring the convergence of the four AZ
reflectivity profiles that are different from eaother (unlike the specific attenuation profilestioé AZC andAZa
algorithms, see section 2.2). Due to the inhemstability of theAZhb algorithm, we consider the firBISE term in
the computation of th€F only if PIA,, < 10 dB. Indeed, this 10 dB value proved to be about thgimum value
this algorithm is able to deal with, even with amast perfect parameterization (Delrieu et al. 99T he last two
terms of theCF are measuring the proximity of the polarimetrigaalthm with theAZC andAZ0 algorithms in terms

12
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of the PIA profiles. Averaging\NSE values computed for reflectivity amlA profiles is acceptable since the ranges
of variation of these two variables are of the samder of magnitude (note that this would not be thase for
reflectivity and specific attenuation profiles). time following, we have selecte@F,, = 0.8 as the threshold to be
exceeded to consider a given parameter set asrfalti

The acronym®OPS for “optimal parameter set” adOPS for “number of optimal parameter sets” will be ddeereinafter.
TheNOPS can be computed for a given target and time stépsammed up for all the targets and time ste@afvent and
a series of events to yield a measure of the dvguality of a given simulation involving fixed pEmeters§,;, by, dC) and
randomly drawn parameters,g, a,x, AF (1y), dAF,) for each single target / time step usinglthkStechnique. We recognise
that the choice of the cost function and the “fatison threshold” are essentially subjective. Thely on the experience
gained during the implementing of the simulaticemfiework. Two elements can be mentioned on thisstikj) accounting
for the AZhb algorithm for low to moderatBlAs less than 10 dB proved to be a good option owdnipé strong sensitivity
of this algorithm on the calibration error; (ii)didg the polarimetric algorithm and the subsequestttwoNSEs in the CF
allowed to dramatically reduce the mathematicaligmity of the physical model at hand. This ambigistindeed quite large

for the AZ algorithms considered alone, in particular withanel to theiC, a,, andAF (r,) parameters.

3.2. Results

3.2.1 lllustration for a given target and time step

Figure 3 gives an example of result of the corepdare for target 13 (T13) on 21 July 2017 16:08°UFor this case with a
MRT PIA of 25.9 dB at a range of about 20 km, we @g§ (1o, 1) = 71.5° andZ, = 9.5 dBZ. The optimal set of fixed
parameters for the considered everdds = 0.4 dB, by, = 0.78 andb;, = 1.1 (see next sub-sections). Since for the best
OPS all the reflectivity profiles overlap perfectlihe results presented in Fig.3 correspond acttally less optimal set so
that one can see some differences between theossubf the different algorithms. The set of optifiaHS sampled”
parameters for this specific target / time stepli4; = 0.46 dB, a}; = 1.01 107%, a;x = 0.34 anddAF;, = 0.99. TheCF
value is 0.925, while théF value obtained with the be®PSis 0.981. Note that 55 parameter sets overpake€tthreshold
value of 0.8 for this example, i.¥OPS = 55. For this good (though not the best) OPS, thectéility profiles (Fig. 3a) call
for the following comments. We have here a cleangxe of the inherent instability of ti#&hb algorithm, which “blows
up” at a range of about 7 km for this parameteidratOne should remember that this algorithm isasabunted for in thEF
computation for such highlAs, as explained in sub-section 3.1. The three c&Zaalgorithms give rather similar results. As
a general behaviour (and in particular whatever#iee of the on-site attenuation), we note thaiptimal parameterizations

lead to the convergence of tAZC andAZ0 algorithms near the radar and to the convergehtted\Za andAZ0 algorithms
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on the other end of the profile. Fig 3b gives tbkions obtained in terms of specific attenuatioofiles. TheAzhb profile

is not drawn in this figure. As shown in sub-settih2, theAZa and AZC solutions are identical (represented in red) and
slightly different at long range from t#&0 solution. The comparison of the corrected and mected profiles clearly shows

in this example the dramatic impact of attenuatiemegard to both the underestimation of the firstipitation cell and the
non-detection of the second one. Fig. 3c displagsaw and processdg,, profiles. For such a strong attenuation case, one
can see that the raw profile has little noise amdignificant “bumps” that could sign a differemfase shift on backscattering
(6y) contamination (Tromel et al., 2013). Finally, F3gl allows comparison of the PIA profiles deriveonf theAZC-AZa
algorithms (identical solutions), t#&0 algorithm and from theé 4, profile. Although there are some differences, therall

consistency between the three profiles is good.

3.2.2 Time series of optimal parameter values

Figure 4 presents the time series of the inpubtées and optimal parameters obtained for thediestlation of the 21 July
2017 convective event. The second sampling strateking use of, (see Table 1) is considered a4, in this example.
We will come back in sub-section 3.2.5 on the refethip betwee®lA, (Fig. 4c) andZ, (Fig. 4a). The time series of the
medians ofPIA,, and®, (1) give an indication on the evolution of the stomtensity which was greater between 15:30
and 17:00 UTC with medians of about 20 dB and &&Spectively. The interquartile ranges of these vagables are quite
large, as a result of both the variation of thearadrget distances (from 15 up to 40 km) and tleeipitation variability as a
function of the azimuth, illustrated in Figs 1 ahdThe time evolution of the storm intensity is manarked on th&lOPS
time series (Fig. 4f) with multiplicative factons the range of 5 to 10 between the period 16:00aL@nd the period 17:00-
18:00 UTC. Although for a given target, there isimereasing trend dOPS whenPlAm increases (not shown for the sake
of conciseness), this is also related to the highenber of targets “reached” (i.e. targets vidtlhm values greater than 1 dB)
between 16:00 and 17:00 UTC. We draw the attertidhe reader to the loNOPSvalues and to the singular values obtained
for the optimal parameters (Figs 4cde) at time &&p0 UTC compared with the rest of the time seri€his is related to the
strong on-site attenuation already evidenced onZ{tottom graphs), which will be discussed in endetail in sub-section
3.2.5.

Some explanations are required at this stage riegptide choice made in the present simulation éseror the values and
ranges of variation of the prefactors and exponefteeA — Z andA — K, relationships. Estimations were obtained from
the processing of the drop size distribution (D8Bfa collected with a PARSIVEL 2 disdrometer lodaéethe IGE site. The
dataset includes 337 rainy days during the period 2017 — March 2020. The raw DSD measurements hdime resolution
of 1 min. They are binned into 32 diameter clasgés increasing sizes from 0.125 mm up to 6 mm.iMas filters (Hachani
et al. 2017) were applied to discard anomalous aadk in particular to detect non-liquid precigigat thanks to the falling

14
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speed spectra. The volumetric concentration speetra then computed at a 5-min resolution. DSDtspe&dth 5-min rainrate
less than 0.1 mnrthwere discarded from the analysis. A dataset ofiab4600 DSD spectra was thus obtained correspgndin
to all types of precipitation occurring in liquich@se in the Grenoble valley. As for the scattenmgdel, we used the
CANTMAT version 1.2 software programme that waseleped at Colorado State University by C. Tang ¥rid. Bringi.
The CANTMAT software uses the T-Matrix formulatimcompute radar observables such as horizontattefty, vertical
reflectivity, differential reflectivity, co-polarross-correlation, specific attenuation, specifiagg shift, etc, as a function of
the DSD, the radar frequency, air temperature teb&ss models and canting models for the raindzspeell as the incidence
angle of the electromagnetic waves. The resultsemted herein were computed for the X-band frequemtemperature of
10°C, the Beard and Chung (1986) oblateness mad#tndard deviation of the canting angle of 1@ amincidence angle
of 0° (horizontal scanning, like for the MOUC radata).

Figure 5 illustrates the fittings of the— Z relationship obtained from a classical logarithibase 10 transformation of the
two variables. One can note that the scatterpltlsconditioned for deriving a power-law modelire sense that it does not
present any particular curvature. The models pegiod fits for the highest values, which corresptanconvective rainfall.
The determination coefficient is high and the tmegressions performed give subsequently pararseteclose to each other.
Our choice is to select the least-rectangle fitesifor these calculations based on DSD data, theanables can be considered
in an equal footing. From this analysis, we haveselm (Table 1p,, = 0.78 as a fixed value for this exponent ang =
1.0 10~* as the central value for théiS sampling of the prefactor. Although the scattethef points around the power-law
model suggests a possible range of variation ¢f-@B] for the DSD-derived values, we have limithi$ range to [-3, 3 dB]
in our simulations on the basis of the much biggaolution volume of the radar and the assumptiat the prefactor is

constant throughout the reflectivity profile.

Figure 6 gives the results obtained for the K, relationship. It can be seen that the scatteigfitihe logarithmic of base
10 transformed variables (Fig. 6a) presents a fiignit curvature. Due to the important weight giterlow and medium
values, the fitted power-law models are clearlyatisgactory for the highest values, which are ¢diiast in the present study.
We have therefore tested two other fitting techegbased on the natural values of the two varigBligs 6b). A linear fit
with a O-forced intercept yieldd, = 0.32 K4, which is consistent with linear relationships pegd in the literature
(Schneebeli et al. 2013). However, once again, ote that this linear fit is not good for the highealues. The fitting of a
non-linear power-law modeN(PL) proves to be more satisfactory with = 0.30 Kj;'. Since the exponents estimated with
the log-transformed data are close to 0.9, we Hae@led to perform several simulations with fixedires ofb,, in the range
[0.9 — 1.2] (see Table 1). Regarding the prefaej@r, we have considered a central value of 0.3 arahger of variation of [-

3, 3dB], that is minimum and maximum values of Cab8 0.6, respectively.
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Additional sensitivity tests can be performed ontsDSD-derived relationships, including for instaribe influence of the
air / hydrometeor temperature, the precipitatigretfe.g. stratiform versus convective rainfallg B'SD integration time step,
etc. Concerning the last factor, we compared thelteobtained for the 2-min and 5-min time stepbwae found no significant
influence on the coefficients of the power-law msdevhile the R2 values were significantly downgredor the 2-min time
step (not shown here for the sake of concisenAsdshr the precipitation type, we carried out agbwelassification of the 337
events into stratiform and convective types, bysidering an event as convective if a rainrate tiwksof 10 mm H was
exceeded for at least one 5-min time step duria@tlent. As one would except from the scatterjhdEsgs 5 and 6, significant
differences appeared between the stratiform andemtive A — K, relationships whereas tifeZ relationships were almost
identical. This is an argument for keeping the exgmib,, constant in the simulation procedure. Regardingsémsitivity on
temperature, one possible extension of the pregerk could be to consider the temperature timeeseaivailable for each
event at the IGE site in the scattering calculatidrnis would most likely result in an increasehaf variability of theA-Z and
A — K4, relationships. As a classical concern, one mayelvewwonder how the average temperature in the radalution
volume could be estimated (Rhyzhkov et al. 2014).dWose herein to rely on the ability of the sirtiataprocedure to deviate

from the central values of the parameters and thages of variation to be large enough.

The time series of the prefactoagy (Fig. 4d) anda,, (Fig. 4e) exhibit similar behaviour with (i) mediaalues close to the
central values for the most intense part of thenebetween 16:00 and 16:50 UTC as well as betw&etbland 17:45, (ii)
significant deviations for the most on-site attdmraprone time steps (lower medians between 18r8016:00 UTC and
higher median at 17:00 UTC) and (iii) more errdt@haviour from one step to the next after 17:45 Wit@he end of the
storm. The first point in the previous list is reasng in terms of the possibility of using DSD-ded power-law models, and
particularly the DSD-derived-R relationship, for radar QPE. The second pointifficdlt to explain from a physical point of
view. Coupled with the observation that the intemgjle ranges are quite large, especially thosthet,,, parameter, we
believe that the mathematical ambiguity (Haddadlget1995) of the system of equations at hand nesnemportant. It is
noteworthy to mention that the mathematical amlygofitheAZ algorithms alone is much larger (e.g. with larigégrquartile
ranges for the a,, parameter). Introducing the constraints relatedh® polarimetric algorithm allowed to reduce it

dramatically.

3.2.3 Estimating theradar calibration error

In order to increase the robustness of the reshiéssimulation procedure was performed for threevective events that

occurred successively during summer 2017. Tablee2gmts some characteristic features of these ®vent all of them the

melting layer (ML) altitude, determined with the°28evation XPORT radar data by using the procedereloped in Khanal

et al. 2019, was situated well above the altituéas® Moucherotte Mount radar, hence, there is hoddntamination of the

considered radar data. The first two events weherantense and similar in terms of total rain amcand maximum rainrate
16
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at the IGE site, as well as in terms of fHel,,, statistics based on the 22 mountain targets. Aild @ne was a bit less intense.

520 To our knowledge, there was no occurrence of lepibrted in the area of interest for these threatsve

Figure 7 shows the evolution BOPS for the three events separately and all togetber fanction of the fixed values @t
listed in Table 1. The optimal values of the otfezd parameters are considered in these results kyi, = 0.78 andb,, =
1.1. We note that the various curves are rather #ar their optimum values, e.g. with a ratio betw#EnmaximunNOPS
525 value and the nearest value, 0.4 dB apart, of wth the data of the three events are groupedoVésall sensitivity of the
dC parameter is clear however in the considered [-@BPrange, e.g. with a ratio of the maximum to thmimumNOPS
values of 2.04 for the all-events curve. Althougle global results tend to indicate a very slightlenestimation of the
measured reflectivities, one can note that thenwgdC values vary from one event to the next. The 2% 2007 event is
different from the other two and the results suggaghe contrary a slight overestimation of thiéestivities in that case. We
530 find it difficult to know whether such variations the electronic calibration of the radar from @wvent to the next could be
physically realistic. In any case, an in-depth wsial of the time series showed that on-site attésaould not be held

responsible for this result.

3.2.4 Linearity of the A — K 4, relationship
535
Figure 8 shows the simulation results for the sesfé,, values listed in Table 1. We note a slight supéyiof the simulation
with by = 1.1 compared to the one with, = 1.0 in terms of the maximum value of th®OPS computed over the three
events all together. This observation is also viaideach of the 3 events separately (not showing. Simulation withb,, =
0.9 is clearly below the other two. Fbg, = 1.1, the log-transformed distribution af;x computed over the three events is
540 nearly symmetrical with an average value of 0.2f8 an interquartile range of nearly [-1, 1 dB]. ldenwe obtain in this
study quite a remarkable agreement between the eathDSD-derived — Ky, relationships for convective precipitation,

with A = 0.275 K andA = 0.30 Kj;', respectively.

3.2.5 Radome attenuation
545
Coming back to Figure 4, we remind that the seceetipling strategy making use &f was considered for the random
drawing ofPIA, values in this simulation. With= 3.0, the crude model proposed in Table 1 yieldeupmits of thePIA,
sampling range of 3.0, 5.8, 9.2 and 13.1 dBZfpwalues of 20, 30, 40 and 50 dBZ, respectivelye Gas to remark that such
close-range reflectivity measurements are actulgcted by radome attenuation. This may explaily whtimated’/A,
550 values are of the same order of magnitude for 8tep 17:00 UTC than for time steps between 15:3D14&n55 whileZ,
values are about 10 dBZ higher in this second gefiibus the relevance of tlig variable for detection and quantification of
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on-site attenuation may remain limited for a raglqmipped with a radome. Nevertheless, Figure 7 shbescomparison of
the twoPIA, sampling strategies making use or noZg{blue and red continuous curves), by referenceadlOPSvariable
computed for the three convective events. Thisrégullearly evidences a superiority of the stratiadyng into account, even
in a crude manner, the precipitation conditionthatradar site.

Figure 9 gives two examples of the core procedmgementation in the case of severe on-site attemuthat occurred on
21 July 2017 at 17:00 UTC (Fig. 2 bottom graphs)e Tonstraint on thBI4, sampling model was relaxed by considering
n = 10 in the model of Table 1, that is upper limits Bf4, sampling range of 15.2 and 29.1 dB fgrvalues of 30 and 40
dBZ, respectively. The returns from Target 04 (T@)w to quantify both on-site attenuation andhalgath attenuation due
to precipitation falling over the city of Grenol(ME sector) at that time (left-hand side exampid)this range of about 40
km, we getPIA,, = 47.9 dB and®g, (1, 1,) = 129.9°. The returns from Target 19 (T19) located in toet8-East sector
(right-hand side) seem to be essentially affectethb precipitation conditions at the radar sitethAs range of about 27 km,
we getPIA,, = 11.9 dB and®4,(r,,) = 12.2°. This yieldsPIA,, /P, (1o, 1) ratios of 0.37 and 0.97 dB degrefor the
two targets, respectively. These values are cléadpecially the second one) well above the rafigemected values for the
slope of a supposedly lineat — K, relationship (Schneebeli et al. 2013), which iditidn to the generalized decrease of
the mountain returns, is an indication of a siguaifit on-site attenuation effect. T€-correctedZ,, values computed in the
directions of the two targets are significantlyfeiiént with 38.9 and 28.6 dBZ, respectively. One cbserve the very good
convergence of all thAZ algorithms in both cases. In particular for T1®tee AZ reflectivity profiles, including théZhb
one, are perfectly matched. The agreement is &gogood between tHl A profiles of theAZ algorithms and the one of the
polarimetric algorithm, except for a very slighalsbf PIA44, (1) at a range of about 30 km for T04, likely due tstalibances
associated with side-lobe effects (visible onghgPPI on top of Fig. 9).

For the twoOPS considered in Fig. 9, one gét54, values 10.1 and 10.8 dB. By considering B¢, statistical distribution
calculated over the optimal parameter sets ohaltargets for the considered time step, one abtasymmetrical distribution
with a slightly higher mean value of 12.6 dB andather large interquartile range of 4.5 dB. The mealue increases
somehow (13.5 dB) and the interquartile range @sa®to 3.2 dB if thBIA, distribution is computed for targets 9-22 only,
i.e. for targets with reduced along-path attenumtibis worth noting that such statistics are ingproved (e.g., interquartile

range reduced) if one considers a more stringeistaetion criterion (e.gCF,, = 0.9 instead ofF,, = 0.8).

4, Discussion and future work

In this paper, we have started to implement a dlaparoach to study the interactions between X-bactowaves and

hydrometeors in a mountainous context. Emphasisplee®d on the attenuation problem, which is kntavine severe for the
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frequency under consideration and essentially uactable unless estimates of total attenuatioraaaélable at a distance
from the radar. The RadAlp experiment allows ushitain direct PIA estimates from the Mountain Refiee Technique in
some specific directions and undirect estimates fitee processing of the profiles of total diffeiehphase shift available for
each radial. Although the polarimetric technique siori much more convenient to apply and has interestirggacteristics
(independence on radar calibration, on-site attémuaand partial beam blockages), it suffers froevesal limitations,
including (i) the fact that th#,,, profile is noisy for light precipitation, (ii) psible contaminations by the differential phase
shift on propagatiody,, (ii) possible impact of non-uniform beam fillingé (iii) the need to specify the relationship beswe
the specific attenuation and the specific diffei@mhase shift which depends on hydrometeor tylgesperature, and so on.
In a similar way to the satellite configurationgiethe possibility to use the Surface Referencéhiiguie in addition to the
dual-frequency measurements at Ka and Ku Bandsrémessing the radar data of the GPM core platfdveneghini et al.
2020), we have proposed to take advantage of@MRT and polarimetric measurements available téopa a generalized
sensitivity analysis of the physical model of iet&tr In the simple case of convective precipitatisa obtained interesting
results regarding the radar calibration, the radattenuation and the coefficients of the- Z andA — K, relationships. We
note that for the estimated optimal radar calibragrror, theA-Z andA-Kgp relationships derived from radar data are consiste
with those derived from concomitant drop size disttion measurements at ground level, in particulih a slightly non-
linear A-Kgp relationship 4 = 0.275 Kg}i}). This is reassuring regarding the relevance afrophysical data and scattering
models for the radar QPE parameterization. We kaliberately left aside the question of the spediftenuation - rainrate
conversion in this article. An interesting validati exercise to be performed consists in using t&®{derivedA — R
relationship for the conversion of the estimatedc#fr attenuation profiles; then these radar mtmrestimates will be
compared with the raingauge measurements availAblgther outcome of the study is the quantificatidrX-Band radome
attenuation. Values as high as 15 dB were estimktading to the recommendation of avoiding theafsadomes for remote
sensing of precipitation at such frequency. As kermative, it would be desirable to develop specsensors to detect /
quantify the presence of water on the radome Walk study showed that the measured reflectivithatadar site is not a
good predictor for radome attenuation. As a nesgh,stve plan to extend the procedure to stratiforents with MOUC radar
measurements made at times within or above thengédtyer. The multi-angle, multi-frequency, potagtric measurements
of the valley-based radars will be critical in tiespect for the characterization of the ML frontolae(Khanal et al. 2019,
2022) and the mitigation of the mathematical amitygof the physical model of interest.
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Table 1: Values and ranges of variation of the attenuatiolel parameters in the sensitivity analysis

Parametersfixed for a given smulation

Parameter Value(s)
bay 0.78
bk 0.9, 1.0, 1.05, 1.10, 1.15, 1.20
dc [-2, 2 dB] with a step of 0.4 dB

Parameter staken into account in the Latin Hyper cubes Sampling for a given simulation

Parameter Central value Range of multiplicativeower and upper limit
coefficient  of  the

central value (in dB)

Ay 1.010* [-3,3dB] [0.5 16, 2.0 10
Aux 0.3 [-3,3dB] [0.15, 0.6]
dAE, 1.0 [-1, 1dB] [0.79, 1.26]
AF (15): sampling #1 0.316 [-5, 5 dB] AF (ry): [1.0, 0.1]

corresponding to
PIA,: [0, 10 dB]

AF (r,): sampling #2 PIA; =0.0126 L6 Lower limits:
PIA} [dB]; Z, [dBZ] PIAL = 0; A(r)" = 1
AF*(ry) = 10-P14s/10 Upper limits:

PIAY = nPIA}
Alrg)? = 10-PI48 /10
with n = 3 in results of Figs 3-4; 7-§
andn = 10 in results of Figs. 9-10
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Table 2. Some characteristics of the three convective evaisidered in this study. The melting layer (Mletettion was
performed with the 25°-elevation angle measuremehthe XPORT radar using the algorithm describedhanal et al.

780 (2019). The total rain amount and the maximum ed@ere recorded at the raingauge available dGBesite at the bottom
of the Grenoble valley. ThelA,, statistics are derived from the MRT by considertighe 22 mountain targets and the 0°
elevation data of the Moucherotte Mount radar.

Date Beginning End Minimum Total rain | Maximum Maximum Number of
(UTC) (UTC) altitude of amount rainrate in PIA,, profiles with
the ML (mm) 10 min value (dB) | PIA,, greater
bottom (mm hY) than a given

(m asl) value

21 July 2017 15:30 19:00 3000 35.2 42.0 59.8 140(&B)
8 August 2017 8:30 14:00 3700 27.9 48.0 63.4 240(=B)

31 August 2017 7:00 11:30 3200 19.9 155 175 85#B)

785

790

25



https://doi.org/10.5194/amt-2022-8 Atmospheric
Preprint. Discussion started: 19 January 2022 Measurement
(© Author(s) 2022. CC BY 4.0 License. Techniques

Discussions
oY

795

N

Height (km)

o = 0w~

°

10 20 30 4
Distance to radar (km)

Figure 1: Left - 50x50 km? map of the region of Grenobleriee (from Geoportail, Institut Géographique Nazik;
Right — Reflectivity map of the X-Band weather ratieated on top of the Moucherotte Mount (1901sf#) & the
Vercors massif. The radar is marked with a blaigintfle and circular range markers spaced by 10Tkma.Cartesian ma|
has a resolution of 500 m. The measurements wikea @ an elevation angle of 0° during dry-weatiwrditions before
the 21 July 2017 event. The radial lines indicheedzimuths and ranges of the 22 mountain target for the MRT
implementation. Targets 1-3 are located in the €dase Massif, targets 4-14 in the Belledonne Matssgets15-21 in
the Taillefer Massif and Target 22 in the Vercorag¥if. In the background, the black triangle intlisghe IGE site at
the bottom of the valley (210 m asl). The greylesonith 5 km spacing indicate the coverage ofXRORT X-Band
polarimetric radar whose measurements were usémtipresent study only for the detection of thetimgllayer.
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Figure 2: Examples of 0°-elevation PPIs of measured refiiégt(left), co-polar correlation coefficient (mite) and total
differential phase shift (right) taken before (t@md at two moments of intense precipitation (médetid bottom) during
the 21 July 2017 convective event. As in Fig. &, ¢hicular range markers of the Moucherotte Moadar are spaced by
10 km.
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Figure 3: Implementation of the five algorithms (blugZhb; red: AZC; orangeAZa; green:AZO; purple:PIAg,,) for
mountain target T13 during the 21 July 2017 coriveatvent at 16:00 UTC using a near-optimal paramsgt (see tex
for details). The results are displayed in termprafiiles of @) reflectivity, (o) specific attenuationc) differential phase
shift on propagation and) path-integrated attenuation. The grey profiléanis the measured reflectivity profile; the bla
and grey horizontal lines at range 20 km repregentean dry-weather baseline and current refiéiesy respectively, o
the mountain target. The resulting measured Plaesaf 25.2 dB is reported in grey in (d). The gpegfile in (b) is derived
from the measured reflectivity profile by using . The black line in (c) is the raw total difetial phase shift profile
and the grey dotted lines are the envelope cursed in the regularization procedure (Delrieu eR8R0, Khanal et al,.

)
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Figure 4: Time series of the input variables and optimabpaeters for the best simulation obtained for theJ@y 2017
convective event. The optimal set of fixed paramsefer this event igC* = 0.4 dB, b,; = 0.78 andb,, = 1.1. For each
of the three considered input variable}Z,; (b) PIA,, (red) anddg, (r;,,) (purple), are displayed the median (continu
line) and the 25 and 75% quantiles (dotted liné#)eir distributions over the 22 mountain targétsimilar representatio
is proposed for theHS optimal parameters) PIA,; (d) a.k; (€) a4z, €xcept that the distributions are established alle
optimal parameters of all targets. The second samgtrategy making use &f, (see Table 1) is considered fai4, in
this example. Ind) and €), the dotted horizontal lines materialize the lowad upper limits consider in thédS of the
considered parameter. The time series of the nuoftstimal parameter sets cumulated over all théaPgets JOPS) is
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N = 14643

R2 = 0.961

0 -|LSq Y/X : (0.000108, 0.76)
LRc : (9.9e-05, 0.78)

LSq X/Y : (9.1e-05, 0.79)

A"I_ -
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<

&

o -2 ~
-3 - -

log(Zp)

Figure5: Results of the fitting of DSD-derived power-law deds for the horizontal specific attenuatidp [dB knT] as
a function of the horizontal reflectivitg;, [mm® m?®] using a classical logarithmic of base 10 transtation of the two
variables. Are given in the insert the number dhfsN, the square of the correlation coefficieRE)(of the logarithmic
regression, the prefactors and exponents of thatireg least-square regressions of the variablerdinate versus the
variable in abscissa ¢q Y/X) and vice versaL&q X/Y) as well as the least-rectangle regresslidt) which considers the
two variables on an equal footing.
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Figure 6: Fitting of DSD-derived power-law models for therizontal specific attenuatias, [dB knT!] as a function of
the specific differential phase shift on propagafq,[° km™] (a) using a classical logarithmic of base 10 transédiom
of the two variables (same comments as in Figr 4his graph) angb) using natural values of the two variables. The
line in (b) is the O-forced linear regression with a slopeadtm 0.32 and the blue curve is the non-lineaoffia power-
law model with a prefactor of 0.30 and an expordrit 1.
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Figure 7: Evolution of the total number of optimal parametets NOPS) as a function of the radar calibration error fo
three convective separately (dotted blue curved)adirtogether (solid blue curve) for tité4, sampling strategy making
use ofZ, (sampling #2; Table 1). The solid red curve cqroesis to the?IA, sampling strategy #1 (Table 1) for all
events together. The variahl&, equal to- dC, is used to feature the dBZ value todoeed to the measured reflectivitie
for correcting for the calibration error. The otlfiged parameters for these simulationslgre= 0.78 andb;, = 1.1.
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Figure 8: Evolution of the total number of optimal parametets NOPS) computed for the three convective events all
together as a function @ (see caption of Fig. 7) for various values oféponent of thel — K, relationship listed on
the right-hand side of the figure. Like in Fig.tBe red curve correspondshg, = 1.0 and the blue curve iy, = 1.1.
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Figure 9: Implementation of the five algorithms with sefoptimal parameters (blu&zhb; red: AZC; orangeAZa«;
green:AZ0; purple:PIAyqp,) on 21 July 2017 at 17:00 UTC for mountain tar@4 with both along-path and on-site
attenuation (left), as well as for target 19 withsite attenuation mainly (right). The results displayed in terms of
profiles of @) reflectivity, (b) specific attenuationc) path-integrated attenuation. In the upper imagedlisplayed the
PPIs of the measured reflectivity (with the indieatof the position of the two targets in red), tteepolar correlation
coefficient and the raw total differential phasétsh
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